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 With the increasing levels of carbon dioxide (CO2) in the atmosphere, researchers 
are driven to seek cleaner combustion techniques to burn coal for power generation. Oxy-
coal combustion is a promising technique to cut down CO2 emissions. This technology 
requires the introduction of a pure oxygen (O2) stream and a recycled flue gas stream into 
the boiler instead of air. Flue gas stream generated from the system will be low in volume 
and highly concentrated in CO2. Thus, the capture and sequestration process will be 
facilitated. But, one of the concerns of adopting this technology is the altered chemistry 
of pollutants due to the changes in the combustion medium and operating mode. 
Chemistry of the species such as sulfur, nitrogen, mercury (Hg) and chlorine (Cl) can be 
significantly affected under this CO2-rich operating mode. So, before retrofitting the 
existing power plants, comprehensive studies are necessary to enhance the current 
understanding of nitrogen oxides (NOx), sulfur oxides (SOx), Hg and Cl chemistry in 
oxy-combustion environments.  
 The need for better understanding of the combustion chemistry in an oxy-
combustion environment inspired this unique and comprehensive research project. In the 
course of this study, a lab-scale combustion setup was designed and built. A stable oxy-
combustion environment was created in the reactor and the system was subjected to a 
time-temperature profile representative of an actual plant boiler. To capture the speciation 
profiles of NOx and SOx, samples were collected from the different temperature points of 
vii 
 
the reactor. In addition to the experimental efforts, kinetic simulations were conducted to 
gain deeper understanding of the NOx, SOx, Hg and Cl chemistry, and the dominating 
reaction pathways were revealed. Such a detailed study employing the combinatorial 
approach of experimental analysis and kinetic simulation will be valuable to predict the 
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 For approximately past two decades, concern is growing regarding the increased 
levels of carbon dioxide (CO2) in the atmosphere. 25% of the emissions in the US are 
caused by power plants [1] which are still dominated by the usage of coal as fuel. Coal is 
anticipated to remain as the main source of electricity generation for many years to come. 
Necessary steps are to be taken to introduce coal as cleaner fuel and to reduce the effects 
of global warming. Carbon capture and storage (CCS) is a viable option of reducing CO2 
emissions. International Energy Agency (IEA) anticipated that CCS will contribute to 
one-sixth of the total reduction of CO2 in the atmosphere by 2050 [2]. CCS can be 
defined as a disposal technology. It ensures complete elimination of CO2 from earth's 
carbon cycle and stabilizes its level in the atmosphere. The term 'disposal' can indicate 
storage of captured CO2 for a time period in the order of 10,000 years [3]. Captured CO2 
can be usually stored in oil and gas reservoirs as well as in saline aquifers [4-6]. Post-
combustion capture, pre-combustion and oxy-coal combustion are the three viable 
options which have achieved maturity level of industrial scale demonstration [6-9].  
 Post-combustion capture is based on absorption of CO2 from combustion flue gas 
using different solvents. This is an attractive option for retrofitting the existing power 
plants. It only involves addition of unit operations after the usual plant operation. Usually 
amine based solvents are employed for separating CO2 from flue gas [10, 11]. Post-
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combustion capture can provide 90% pure CO2 for storage purposes. But challenges lie 
with the handling of large volume of flue gas containing only <15% CO2. Moreover, 
difficulties associated with regeneration of solvents can result in a drop of efficiency by 
10-14% [12].          
 Pre-combustion capture is related to the Integrated Coal Gasification Cycle 
(IGCC) technology. In IGCC, coal is partially gasified and a mixture of carbon monoxide 
(CO) and hydrogen (H2) is produced. In water-gas shift reactor, CO is converted to CO2 
and can be removed. IGCC is the cleanest power generation technology. In this 
technology, 99.9% of the coal sulfur can be recovered as elemental sulfur. But employing 
this technology for coal-based power generation is not feasible due to its complex nature 
and higher operating cost. Moreover, this technology is not applicable for retrofitting 
existing plants [13, 14]. Due to these factors, power generation sector has been slow in 
adopting this technique.              
  The third promising CCS option is oxy-coal combustion technology. The process 
is attractive as it inherits the flexibility of being retrofitted to existing power plants with a 
lower capital cost. It was first mentioned by Abraham et al. [15] describing its 
effectiveness for enhanced oil recovery. The topic regained its attention in the nineties as 
a part of the raised awareness about global warming. Now, many researchers are working 
relentlessly to characterize, improve and modify this process. A few number of oxy-coal 
combustion plants are being operated successfully in Europe and Australia. As the name 
suggests, oxy-coal combustion is the process of burning coal in oxygen (O2) instead of air 
for generating electricity. In presence of pure oxygen stream, the temperature within the 
boiler can be high. To avoid this, part of the flue gas is recycled back into the boiler. 
3 
 
About 30% O2 was reported to be required in the oxidizer to match the temperature 
profile of a conventional boiler [16]. The evolved flue gas from such a system is usually 
rich in CO2 and 80% lower in volume [16]. As a result, it can be easily compressed for 
storage or sequestration. In Figure 1.1, a simplified oxy-combustion plant layout is 
presented.   
 
Figure 1. 1 Layout of an oxy-coal combustion system 
 
The layout for oxy-combustion is almost like a conventional one. It includes two extra 
processes. One is the air separation unit (ASU). This is usually a cryogenic distillation 
unit used to separate O2 from nitrogen (N2). This unit alone can take up to 60% of total 
cost for CCS [17]. Another process is the CO2 processing and purification step. It consists 
of compressors, water removal and CO2 purification units.  Before implementing the 
process in full scale, comprehensive studies are essential to clarify the understanding of 
the pollutants’ chemistry in such process. In an oxy-coal combustion system, the medium 
is switched to a CO2-rich environment from a N2 rich one. Moreover, the level of O2 is 
higher in the system compared to a conventional one. These factors are expected to cause 
significant changes to the combustion chemistry by influencing the radical pool and thus 
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can alter the speciation profiles of pollutants. While operating in oxy mode, higher 
concentrations of pollutants in the boiler are also expected due to the lower flue gas 
volume. So, before implementation, elaborate studies are essential to provide insight 
regarding this promising technology.   
 One of the concerns of adopting this technology involves the corrosion problem 
caused by increased sulfur oxide (SOx) species concentrations [18]. Based on its rank, 
different coal types contain various amounts of sulfur. During combustion, these get 
released as different pollutants. During the devolatilization and char oxidation process, 
most of the sulfur content of the coal gets released in the form of sulfur dioxide (SO2) 
while a certain percentage (0.1~1% in air combustion) converts to form sulfur trioxide 
(SO3) [19] through reactions R(1)-R(3).       
 SO2 + O + M  SO3 + M  R(1)      
 SO2 + OH + M  HOSO2 + M R(2)      
 HOSO2 + O2  SO3 + HO2  R(3)                                 
R(1) occurs at high temperature (>1150K). Reactions R(2) and R(3) are active at lower 
temperature ranges (<1150K) and these are termed as the secondary formation pathway 
[19-21]. The generated SO3 can later easily convert to sulfuric acid (H2SO4) below 700K 
by going through reaction R(4). Around 450K, all the SO3 is likely to be in the form of 
H2SO4.        
 SO3 + H2O  H2SO4   R(4)                           
There is no restriction on SO3 or H2SO4 emissions placed by the Environmental 
Protection Agency (EPA). But H2SO4 emissions through the stack will produce a visible 
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blue plume with an opacity greater than 20% and this is in violation of the EPA emission 
standards [22]. Moreover, formation of corrosive sulfate salts in presence of high levels 
of sulfur content in the system [23-26] at high temperatures within the boiler and the 
condensation of the generated H2SO4 in the subsequent units can cause severe corrosion 
damage to the plant units.  The situation will get aggravated as higher concentrations of 
SO3 was observed in oxy-combustion experiments [27, 28]. SO2 emissions in terms of 
unit energy produced in oxy-coal combustion was reported to decrease and it was 
attributed to the increased conversion to SO3 and higher sulfur retention by ash [28-30]. 
An experimental study [31] conducted using two different kinds of coal in a pulverized 
coal boiler revealed higher SO2 concentration in oxy-fuel cases comparing to air-test 
cases and almost 4 times higher SO3 concentration with the maximum being at 800K. 
Another study [32] examining sulfur species emissions from eight different types of coal 
revealed the SO2 concentration to be 3 times higher in oxy-combustion environment. The 
collected experimental data also showed the SO3 generation to be closer to air-
combustion. This was attributed to the fact that SO3 could be frozen near the equilibrium 
concentration in the high temperature range. Comprehensive studies [20, 33-35] 
conducted by Fleig et al., revealed that combustion parameters such as, equivalence ratio 
(ϕ), SO2 content and O2 percentage in the oxidizer to influence the formation of SO3 
under oxy-combustion environment. Sensitivity analysis, performed in the post 
combustion zone [33] by Fleig et al., showed the dependency of SO3 formation on 
oxygen (O) and hydroxyl (OH) radicals and that higher concentrations of SO3 was found 
to form in the burnout regions of carbon monoxide (CO). As the concentration of SO3 
was found to be higher in oxy-combustion cases, the acid dew point is anticipated to be 
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higher. As a result, the condensation of H2SO4 will occur at higher temperatures than that 
in air combustion units. To avoid the corrosion damage caused by the higher levels of 
SO3 in oxy-combustion system and to implement necessary mitigation steps, concise 
information is required regarding the temporal profile of SO3 under realistic boiler 
conditions. Moreover, a clear understanding of the chemistry is crucial as it can enhance 
the current state of knowledge regarding combustion kinetics and the information can be 
utilized to improve the emissions predictions from power plants. But due to the lack of 
proper detection methods and suitable experimental setups, such temporal profiles of SO3 
under variable operating conditions, are yet to be reported.  
 Aside from the sulfur chemistry, nitrogen chemistry in oxy-combustion system is 
also of importance. Oxy-coal combustion has shown promise in reducing emissions of 
nitrogen oxides (NOx) [29, 36] due to suppression of the Zeldovich mechanism [37] and 
occurrence of the reburn mechanism [38]. Destruction of the recycled nitric oxide (NO) 
in the high temperature zone of the furnace through the reburn mechanism was reported 
to be the dominant factor in NOx reduction [39]. The reburn mechanism is a complex 
reaction network representing the interaction between NO and the fuel fragments 
resulting into N2. The reaction pathway involves formation of different hydrocarbon 
intermediates like methyl (CH3), methylene (CH2), fulminic acid (HCNO), ketenyl 
(HCCO) etc and these can reduce NO [40]. The species evolved from such NO reduction 
can later convert to N2 or NO depending on different parameters. The mechanism can be 
summarized by global reactions R(5)-R(7).  
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 NO + CH1-3  HCN + ….  R(5)     
 HCN + OH, O, O2  NO + …. R(6)                              
 HCN + NO  N2 +….  R(7)  
Both experimental and kinetic studies have been performed to shed light on the nitrogen 
chemistry occurring in O2/CO2 environment [28, 29, 36, 38-49]. Combustion parameters 
such as, temperature, excess O2 amount, recycled NO concentration and the 
stoichiometric ratio in the system was reported to influence the reduction of NO [38, 41, 
44, 48].  
 In addition to the investigations to reveal the change in NO chemistry and its 
subsequent destruction to N2, it is crucial to develop an understanding of the synergistic 
effects between NOx and SOx species present in oxy-combustion systems. These species 
compete for the same radical pool. So, it is inevitable that the presence of one may affect 
the fate of the other constituent. But so far, this aspect of combustion chemistry has not 
received much attention in the literature. Earlier studies [35, 50] concluded NOx species 
to have influence on SO2 oxidation. Experimentally, lowered SO2 oxidation was observed 
with the introduction of NO, and consumption of the available O radicals by reaction 
R(8) was deduced to be the reason [50]. 
 NO + O  NO2   R(8) 
In a separate study [51], reactions R(9) - R(12) were hypothesised to be influencing SO2 
oxidation at lower NO concentrations under air combustion conditions. 
 NO + O2 NO3   R(9)      
 NO3 + NO  2NO2   R(10)      
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 NO3 + SO2  NO2 + SO3  R(11)      
 NO + O2  NO2 + O   R(12)                                          
But through kinetic simulations, Wendt et al. [52] concluded the influence to be 
negligible unless the concentration of NO is above 1000 ppmv. In an oxy-combustion 
system, as the combustion medium is switched to CO2 and higher concentrations of NO 
is expected in the boiler due to recycle, the scenario can be different. Fleig et al. [35] 
reported that even a small amount of NO can affect the final SO3 concentrations by 
influencing the radical pool, although direct interaction between NOx-SOx species was 
not included in their simulation. The results from this initial study [35] indicates further 
assessment is required regarding the influence of NO on SO2 oxidation. Moreover, the 
fate of recycled NO under oxy-combustion mode for a variety of operating conditions 
also needs to be explored to maximize the understanding of nitrogen chemistry. 
 In addition to being a significant source of SOx and NOx emissions, coal power 
plants are documented to be the largest anthropogenic source of mercury (Hg) emission 
[53]. Upon being released from coal during combustion, Hg can exist in 3 forms; i) 
elemental (Hg0), ii) oxidized (Hg2+) and iii) particulate (Hgp). In coal combustion boiler, 
concentration of Hg is usually lower than 10 ppbv [54]. To effectively remove Hg, the 
oxidized state is desirable as it is water-soluble [55] and easily removable in wet FGD 
units. Elemental Hg is difficult to capture due to its chemical inertness and insolubility in 
water. To comply with the recently implemented Mercury and Air Toxics Standard 
(MATS) rule, Hg emission control strategies such as; activated carbon injection, are 
being adopted by power plants. 
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 Usually in flame, Hg exists in elemental state and the concentration of oxidized 
Hg increases with the fall in temperature through homogeneous and heterogeneous 
conversion routes. The homogeneous conversion of Hg to its oxidized state is kinetically 
limited [56] and parameters such as; available Cl radical pool, quench rate, residence 
time, flue gas composition and temperature [57, 58] can influence the speciation. Cl plays 
a dominant role in homogeneous Hg oxidation through the reaction R(13) [54]. 
 Hg0 + Cl + M  HgCl + M   R(13) 
Aside from the Cl radical, HOCl can also contribute to the oxidation of Hg0 through 
reaction R(14).  
 Hg0 + HOCl  HgCl +OH   R(14) 
The generated HgCl in the system later converts to HgCl2 through reaction R(15) and 
generate another Cl radical 
 HgCl + Cl2  HgCl2 + Cl   R(15) 
Due to such synergistic nature of Hg and Cl species, elaborate studies have been 
conducted in air-combustion systems to articulate a clear picture of chlorine radical (Cl) 
and Hg oxidation chemistry [54-61]. Similarly for oxy-combustion systems, a solid grasp 
of the Cl chemistry is crucial to pinpoint the speciation of Hg for flue gas conditioning 
purposes in power plants. Moreover, studies indicate that the concentration of NO and 
SO2 can influence the oxidation of Hg in traditional combustion systems [54, 57, 61]. 
Presence of Hg in a combustion environment can not impact the SOx and NOx chemistry 
but the presence of Cl in the system can be influential as all these species need to 
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compete for the same radical pool. Moreover, Hg speciation in oxy-combustion 
environment will be shaped based on the Cl speciation in presence of SOx and NOx in the 
system. Recently, data has been reported studying Hg oxidation and influence of other 
species in oxy-combustion environment [62-71]. Enhanced oxidation of Hg in CO2-rich 
environment has been reported [66], while a separate study observed reduced oxidation 
compared to nitrogen (N2) environment [71]. In addition to these, NO has been reported 
to enhance the Hg oxidation in CO2/O2 environment [64]. But in presence of HCl in 
combustion environment, NO is reported have no impact up to 300 ppmv. With the 
consumption of important O and OH radicals, through reactions R(1) and R(16), presence 
of SO2 is observed to reduce the Hg
0 oxidation [71]. 
 SO2 + OH  SO3 + H   R(16) 
Even though studies have surfaced over the recent years investigating Hg oxidation in 
oxy-combustion along with the sulfur and nitrogen chemistry, a comprehensive 
investigation focused on the interaction between the Cl, SOx and NOx in a realistic oxy-
combustion environment is still absent. Such a study will be informative to determine the 
fate of these species in power plant boilers running under the oxy-mode and to take 
necessary steps for Hg emissions mitigation.  
 The objective of this study was to provide comprehensive information about the 
pollutants’ speciation in oxy-combustion environment. This detailed thesis project aimed 
at investigating the chemistry of SOx, NOx, Hg and Cl in oxy-combustion systems and it 
revealed how the change in combustion parameters can influence the speciation. In 
addition, the study further delved into the synergistic nature of these species as the fate of 
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the pollutants are determined by the shared radical pool. To fulfil the objectives, gas 
phase oxy-combustion experiments were conducted in a lab-scale reactor and a parallel 
kinetic simulation study was conducted. The comparison between the experimental data 
and simulation result provided a unique opportunity to evaluate the performance of the 
existing mechanisms. Moreover, the conducted sensitivity analysis provided the 
opportunity to gain deeper understanding of the reaction pathways and to pinpoint the 
dominating reaction network in deciding the fate of the species. The study is unique in 
the sense that the all the analyses were conducted by simulating a flame, necessary to 
obtain a realistic radical pool and by subjecting the system to a realistic time-temperature 
profile. These initiatives made the study more analogous to the realistic situation. 
 In this dissertation, the research is presented in six subsequent sections. The 
second chapter of the thesis provides details regarding the methodology of kinetic 
simulation and experimental analysis. The chapter discusses the procedure of conducting 
kinetic simulation and provides the reader with an understanding of conducting reaction 
kinetic analysis. Moreover, the chapter details the design parameters of the lab-scale 
reactor and describes the analytical techniques employed in the current study.  
 The third chapter of this thesis details the investigation focused on understanding 
SO3 formation in oxy-combustion flue gas. The chapter delves into the details of sulfur 
chemistry and talks about the existing combustion mechanisms in an elaborate format. 
The objective of the investigation presented in this chapter was to obtain the temporal 
profile of SO3 under variable operating conditions and fill in the gaps in the current state 
of knowledge regarding SO3 formation. The study also explored the interaction between 
NOx and SOx species through kinetic simulation. 
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 The fourth chapter of the thesis is an extension of the second one; looking into the 
direct interaction between NOx and SOx species through detailed experimental efforts. 
The analysis also involves the research efforts exploring the fate of recycle NO in oxy-
combustion environments and establishes the applicability of Fourier transform infrared 
(FTIR) spectroscopy as an accurate emission monitoring tool.  
 The fifth chapter explores Hg and Cl chemistry in oxy-combustion system and 
tries to provide a clear picture of the species’ interactions. A kinetic simulation study was 
conducted by including available mechanisms to the existing hydrocarbon oxidation 
mechanisms and the influence of the Cl, SO2 and NO concentrations were explored.  
 The last chapter of the thesis revisits the key findings of the comprehensive study 
and reiterates the importance of these crucial findings. In addition, this particular section 
dives into an elaborate discussion to engage the readers’ interest in energy research and 












2.1 Kinetic Simulation  
 Kinetic simulation can be a very useful tool to understand the combustion 
chemistry and to predict the emissions from a certain system. In the current research 
project, computational simulation played an important role to interpret the behavior of the 
coal constituents and to draw certain conclusions based on the experimental findings. 
Moreover, the comparison between the simulation and the experimental analysis proved 
that further research efforts are required to improve the reaction network for accurate 
prediction. 
 The technique was employed in the current study to reveal the sulfur, nitrogen and 
mercury chemistry occurring in oxy-combustion environment. Simulation studies [21, 
72-74] focused on sulfur and nitrogen chemistry in oxy-combustion environment were 
conducted previously by applying a particular combustion mechanism which was 
developed and modified for CO2-rich environment. The sulfur chemistry subset of this 
mechanism was developed by Alzueta et al. [72]. It was based on the studies of Glarborg 
et al. [75] and the network consists of 91 reactions. Modifications were later implemented 
into the mechanism to acquire better agreement with available experimental results. Ab-
initio calculations were conducted by Hindiyarti et al. [21] to investigate the SO3 
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consumption and generation routes. The resultant reaction network with new rate 
parameters were later employed to simulate different conditions. The computationally 
obtained results on SO2 oxidation by applying new parameters were compared to the 
experimentally available results and it was concluded that only the influence of reaction 
R(1) was significant among the other reactions under investigation, (R(2)-R(3)).   
 SO3 + H  SO2 + H    R(1)      
 SO3 + O  SO2 + O2   R(2)      
 SO3 + OH  SO2 + HO2  R(3)               
To investigate the effect of high CO2 concentration on CH4 combustion, a reaction subset 
consisting of 14 reactions was applied by Glarborg et al. [76]. It was found that CO2 has a 
significant influence on the radical pool and CO burnout through reaction R(4).   
 CO2 + H  CO + OH  R(4)             
Such effect of CO2 was taken into consideration and implemented into the reaction 
mechanism by Gimenez-Lopez et al. [74]. This updated combustion mechanism, 
containing 110 species and 747 reactions, was implemented by Fleig et al. [20, 33, 35] in 
a comprehensive study to computationally elucidate the sulfur chemistry occurring during 
oxy-combustion. The study revealed that the equivalence ratio, O2, NO and SO2 
concentrations in the oxidizer affected the SO3 formation significantly. A linear 
temperature extending from 1800-500K [20, 35] was investigated during the study. The 
influence of various combustibles like CH4 and CO at the post combustion zone was also 
investigated while a certain temperature profile consisting of an isothermal zone and a 
cooling section was employed [33].     
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 In the current study, kinetic simulations were conducted to investigate the effect 
of different combustion parameters on the SO3 evolution trend under a temperature 
profile representative of actual boiler conditions. The results of the simulation were 
compared with the experimental data to evaluate the performance of the reaction set. The 
reaction mechanism adopted by Fleig et al. [20, 33, 35] and Gimenez-Lopez et al. [74] 
was applied. The conversion of SO3 to H2SO4 at lower temperatures in a combustion 
system is a well-known occurrence. To take this into account, the SO3 conversion 
reaction to H2SO4 was adopted from the Leeds combustion mechanism [77] and it was 
integrated into the mechanism. This modified reaction set is referred as the Alzueta 
mechanism in the thesis manuscript. Moreover, the Leeds mechanism [77] was applied in 
the current study to compare the performance of different mechanisms against the 
collected experimental data. 
 Alongside the extensive investigations regarding sulfur chemistry, researchers 
conducted numerical studies to elucidate the combustion chemistry of NO in oxy-
combustion environment [38, 40, 41, 48, 73, 78, 79]. The employed mechanism in the 
current study to investigate SOx chemistry was also applied by Mendiara et al. [40] to 
study reburn chemistry of NO in CH4 oxy-combustion. Hydrocarbon oxidation, nitrogen 
chemistry and the reburn reactions are included in the mechanism. Moreover, the 
interaction of different hydrocarbon fragments, such as CH, CH2, CH3, HCNO and 
HCCO, with NO are added to this reaction set. NO prediction from this mechanism was 
reported [48] to be in good agreement with the accompanying experimental analyses [41, 
44]. Moreover, the mechanism performed well in predicting the inlet NO reduction [73] 
and anticipating HCN radical’s oxidation [78, 79]. This mechanism was chosen in this 
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study to investigate nitrogen chemistry due to its proven validity in oxy-combustion 
environment. 
 In addition to obtaining SO3 profiles, the influence of NO was investigated 
through kinetic simulations. NO is known to have an effect on the amount of SO3 
produced in the system [35, 50]. Earlier experiments conducted in an effort to [50] 
investigate the oxidation of SO2 in flames in the presence of NO under air combustion 
conditions exhibited a decline in SO2 oxidation with increased NO introduction. The 
removal of O radicals by R(5) was attributed to be contributing to this decline. 
 NO + O  NO2   R(5)     
The interaction between nitrogen dioxide (NO2) and SO2 was later investigated in the 
temperature range of 703-1193K [51]. The kinetic parameters obtained from the 
experiments at high NO concentrations (10-7 mol/cc) revealed that the mechanism 
consisted of reactions R(6) and (7) while R(6) being the rate limiting step.   
 NO + NO + O2  NO2 + NO2 R(6)      
 NO2 + SO2  SO3 + NO   R(7) 
However, at low NO concentrations, alike the industrial flue gases, reactions R(8)-(11) 
were found to take place with reaction R(9) being the rate limiting one. At low NO 
concentrations, reaction R(6) takes place slowly and NO is oxidized via reaction R(8) 
instead.      
 NO + O2  NO3   R(8)      
 NO3 + NO  2NO2   R(9)      
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 NO3 + SO2  NO2 + SO3  R(10)      
 NO + O2  NO2 + O   R(11)         
Wendt et al. [52] evaluated this reaction pathway (reactions R(6), R(7), R(8) and R(10)) 
for industrial furnace conditions through kinetic modeling and concluded that the 
contribution from these reactions to the final SO3 concentration in the furnace was 
negligible and that for these reactions to be important in combustion units, the NO 
concentration should be at least 1000 ppmv. While these simulations represent air 
combustion conditions, these reactions may play an important role for oxy-combustion 
simulations as the NO concentration is much higher due to the flue gas recycle.  
 For oxy-combustion cases, kinetic simulations performed by Fleig et al. [35] 
revealed that small amount of NO present in the combustion medium can result in 
increased SO3 generation while a higher amount will have an opposite effect. But in this 
model, the direct interaction between the NOx and SOx species were not included and 
only the effect of NO on the radical pool was investigated. It was observed that NO 
present in the system affects the radical pool through reactions R(12)-(14).    
 NO + HO2  NO2 + OH  R(12)      
 NO + O + M  NO2 + M  R(13)      
 NO + OH + M  HONO + M R(14)      
R(12) causes secondary SO3 formation through the HOSO2 route by forming more OH 
radicals and eventually resulting in higher SO3 concentrations. But as the amount of NO 
increases, the competition for reacting with O radicals via R(13) increases and reduces 
the primary SO3 formation. Moreover, R(14) at higher temperatures tends to consume the 
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OH radicals causing further reduction. While this study sheds some light on the effect of 
NO on sulfur chemistry, it does not provide information on the direct interactions 
between NOx and SOx species, i.e., the effect of NO was only investigated through the 
change in the radical pool. As a result, further investigation is needed to better understand 
the effect of nitrogen oxides on sulfur chemistry and direct interactions of nitrogen and 
sulfur species should be included in the kinetic mechanisms proposed for oxy-
combustion. 
 In the current kinetic study, NO and SO2 of desired concentrations were 
introduced into the model layout and the Alzueta mechanism was employed to investigate 
its effect on sulfur chemistry. To investigate direct SOx-NOx interactions, the reaction 
subset from the Leeds mechanism containing 28 reactions for S/N/C interaction was 
integrated to the Alzueta mechanism [referred to as Alzueta + Leeds(S/N/C)]. Also, the 
reaction subset applied by Wendt et al. was investigated by implementing the reactions to 
the Alzueta mechanism [referred to as Alzueta + Wendt] as well as the Alzueta + 
Leeds(S/N/C) mechanism [referred to as Alzueta + Wendt + Leeds(S/N/C)]. For all these 
cases, concentrations of NO investigated ranged from 200 to 1500 ppmv. Sensitivity 
analyses were also performed on these mechanisms. Reaction R(7) employed in this 
study, which the direct interaction between NOx and SOx species, was reported as 
controversial. But, as the reaction involving the direct interaction between NOx and SOx 
is rare in the literature, all the available reaction sets were adopted in the current study. 
The objective was to evaluate the performance of these reaction sets against experimental 
data even though the rate parameters may not be as accurate and to prove that elaborate 
research is required in this aspect to ensure accurate prediction. 
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 To explore the Hg oxidation chemistry, a 9-reaction subset developed by Wilcox 
[80, 81]  is added to the Alzueta mechanism. Two chlorine mechanisms, developed by 
Bozzelli [60] and Roesler [82, 83] are also integrated into framework of the Alzueta 
mechanism, coupled with the Wilcox mechanism. These two configurations are identified 
as the Alzueta + Wilcox + Bozzelli (AWB) reaction set and Alzueta + Wilcox + Roesler 
(AWR) reaction set in the current analysis. 
 To provide a better insight into the reaction network and performance of different 
existing mechanisms, GRI 3.0; a more traditional combustion mechanism, is also chosen 
for analysis aside from the Alzueta mechanism. From the GRI 3.0 reaction set, only the 
CH4 oxidation subset is utilized in this study coupled with the sulfur and nitrogen 
chemistry sets from the Alzueta mechanism. It is also integrated with the Cl and Hg 
oxidation subsets generating two more configurations, GRI 3.0 + Wilcox + Bozzelli 
(GWB) reaction set and GRI 3.0 + Wilcox + Roesler (GWR) reaction set. In addition, 
simulation cases were conducted by employing a mechanism developed by Niksa [54, 
59]. This mechanism was employed, in combination with the GRI 3.0, to simulate oxy-
combustion cases. In this thesis, the results obtained with the AWB and GWB 
mechanisms will be discussed in details. Moreover, the results obtained by employing the 
the GRI-Niksa reaction set for oxy-combustion cases will be presented. 
 For conducting the simulation study involving SOx chemistry, NOx chemistry, the 
direct interaction and Hg chemistry CHEMKIN-PRO [84] software was employed. Oxy-
combustion flame was simulated in a perfectly stirred reactor (PSR) by introducing a 
desired mixture of fuel and oxidizer (CH4/CO2/O2). The residence time of the PSR was 
chosen with caution as lower residence time can cause incomplete combustion and 
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erroneous radical pool at the outlet. The PSR was ran for variable residence time ranging 
from 5ms to 350s. Based on the complete combustion of the CH4, the residence time was 
selected. To provide an example, a vast range of residence times were tested to simulate a 
case of φ = 0.855 and O2 = 32.5%. From the analysis, the 340s was chosen as the 
appropriate residence time for this particular case. From the output of the PSR, almost 
100% oxidation of CH4 was observed. The PSR input and output for this case is 
presented in Table 2.1 and in Table 2.2 
Table 2.1 PSR input for φ = 0.855 and O2 = 32.5% 





Table 2.2  PSR output at residence time 340 s 























Table 2.2 (continued) PSR output at residence time 340 s 








































 From the comparison between the inlet and outlet mole fraction of CH4 at the 
outlet it can be observed the CH4 combustion was complete at the end of 340s residence 
time. Similar approach was applied to all the cases while setting up the PSR. The radical 
pool from the PSR was utilized as the input for the plug flow reactor (PFR) module and 
SO2, Hg, NO and HCl at various concentrations were introduced. For NOx chemistry, 
instead of the PSR-PFR model, only the PFR module was used. For the GRI-Niksa 
reaction set, the GRI 3.0 was employed to simulate the flame in a PSR module and the 
Niksa reaction mechanism was utilized in a PFR module in presence of Cl and Hg in the 
system. The PFR, for all cases studies; was subjected to a temperature profile obtained 
from the experiments as shown in Figure 2.1. This profile is similar to that of an 
industrial boiler [85]. In addition, sensitivity analysis and rate of production analysis 
(ROP) were performed to determine the rate dominating reactions determining the fate of 
NOx, SOx, and Hg species. While presenting the data for reactor outlet concentration, the 
concentration at the PFR length of 132 cm was documented. This represents the 11th port 
of the reactor and it corresponds to the temperature of 596K.   























Distance along reactor (cm)
 
Figure 2.1 Temperature profile within the reactor 
23 
 
2.2. Gas Phase Experiments 
2.2.1. Gas Phase Combustion Setup 
 For investigating the effects of different combustion parameters on SO3 
generation, a unique lab-scale combustion setup with a firing rate of 0.5kW was built and 
utilized. The entire combustion system has been built out of quartz for its inertness and 
capability of withstanding high temperature [86, 87]. As shown in Figure 2.2, the setup 
consists of three major sections, i) burner ii) reactor and iii) sample collection. In the 
subsequent sections, the design and sample analysis procedure are described in details. 
 





2.2.1.1. Burner Design            
 To serve the purpose of creating a mixture of combustible gases representative of 
oxy-combustion condition and to stabilize the flame, a quartz burner was designed and 
built. The dimensions of the burner are presented in Figure 2.3. The burner consists of 
eight inlet nozzles, with the dimensions of 6.4 X 4 mm. Mixture of combustibles such as 
CH4, O2, CO2, SO2, NO, Hg and HCl can be introduced through these nozzles. The 
burner tube itself extends to 50 cm in length, benefiting homogenous mixing. The ID of 
the burner tube was chosen to be 1 cm based on the preliminary experiments performed 
beforehand to check the flame stability in the desired range of equivalence ratio. At the 
top of the burner, an NPT fitting was added for attaching a UV flame detector as a safety 
precaution. The burner was tested and it was found to be able to create stable flames 
under a variety of equivalence ratios and oxidizer percentages.   
 





2.2.1.2. Reactor                                              
 The quartz reactor was designed and built to simulate the post-combustion 
conditions representative of an actual coal power plant. As shown in Figure 2.4, the 
reactor is 165 cm long in total.  
 



















5 X 4.7 cm
5.5 x 5 cm






At the top, it has an open end which is 10 cm long and 18 X 14 mm in dimension. The 
burner was attached to this open end by a standard bore-through Swagelok fitting. The 
placement of the burner from the heated section of the reactor can be varied to facilitate 
the flame stabilization at different operating conditions. The section of the reactor, being 
heated, is 150 cm in length and 50 X 47mm in dimension. The reactor is placed in a 
single zone Thermcraft furnace. The furnace, provided with appropriate ceramic 
vestibules for holding the vertical reactor, is 24 inch in length with a heated zone of 18 
inch. The furnace was heated up to 1100oC during the experiments to facilitate the CH4 
ignition and to generate the combustion radical pool.  The reactor section after the 
furnace is wrapped using four heat tapes and these are heated to certain temperatures. The 
temperatures of the heat tapes were determined based on the profile of an actual plant 
boiler. Control over the heat tapes for homogeneous heating was maintained using a 
temperature controller operated by LabVIEW. The wrapped section includes 15 sample 
ports. Each of these ports are 5 cm apart and these are of 6.4 X 4 mm in dimension. These 
ports are equipped with a standard Swagelok tee connection at the end. A septum, coated 
with Teflon at one side, is fitted in each tee connection. Through this, a thermocouple is 
placed at the center of the reactor. These thermocouples are connected to an NI-DAQ 
system for temperature data logging. K-type thermocouple, made from Inconel, was 
selected because of its suitability at high temperature and its resistance to sulfur rich 
environment. Using these thermocouples, the temperature data within the reactor was 
obtained for every 5cm distance after the furnace. In addition to these ports, a port of ½ 
inch ID was added at the bottom of the reactor. Through this port, a thermocouple 
obtained from Cole Parmer, was inserted into the reactor and the temperature profile after 
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the flame and within the furnace was obtained. The total temperature profile covering the 
region after the flame and within the reactor is presented in Figure 2.1. While collecting 
the data, the flame temperature could not be measured as the thermocouples were not 
able to withstand the elevated temperature and the data was collected by inserting the 
thermocouple as close as possible to the flame. The PSR module predicted the flame 
temperature to be around 2010K and such high temperature could not be measured with 
the available resources. The outer wall temperature for the region between the flame and 
the furnace was measured to be around 623K. This indicates that there may not be much 
quenching happening in the region between the flame and the furnace. In addition, in the 
kinetic model, the PFR module started at 1100K and the PSR outlet was at 2010K. So if 
there was any significant quenching happening within the reactor, it should be reflected 
in the data collected from the PFR.  
 For sample collection from the reactor, needle valves were connected to the other 
end of each tee connection. An exhaust port was also added to the reactor for venting the 
generated flue gas to hood exhaust safely.  
2.2.1.3. Sample Collection 
 As mentioned, the reactor includes 15 sample ports, each equipped with needle 
valves and thermocouples. While collecting the samples, the flow should be cooled down 
rapidly to freeze the reactions occurring within. To serve this purpose, three small 
cooling jackets were designed and built. The cooling jackets are 3.5 cm in length and 
these can be placed around the ports. A Thermo Flex Recirculating Chiller with variable 
flow rate option was connected to the cooling jackets to provide required water flow rate 
for rapid cooling of gases. Moreover, attention was to be paid so that the temperature is 
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maintained at 150-180oC. Due to the reported high SO3 content [31, 34] in oxy-
combustion system, the acid dew point [88] is also expected to be higher than the usual 
value. Below this temperature range, the sulfuric acid content of the flue gas will 
probably condense out and will cause discrepancies in the obtained result. To avoid this, 
all the sample lines up to the detection system were heated and maintained at 150-180oC.     
2.2.2. Flue Gas Analyzer 
2.2.2.1. Salt Method for SO3 Quantification 
 Salt method is based on the principle of measuring the sulfate (SO4
2−) ions present 
in a sodium chloride (NaCl) sample after being exposed to the gas stream containing 
H2SO4. As mentioned before, SO3 present in the combustion flue gas reacts with water 
content and forms H2SO4 below 500
0C. Usually at 2000C, all the SO3 will exist in the 
form of H2SO4. This H2SO4 content of the flue gas will react with the NaCl and form 
sodium bisulfate (NaHSO4) or sodium sulfate (Na2SO4) depending on the reaction 
temperature through reactions R(15) and R(16).    
 NaCl (s) + H2SO4 (g)  NaHSO4 (s) + HCl (g) R(15)    
 2NaCl (s) + H2SO4 (g)  Na2SO4 (s) + 2HCl (g) R(16)         
 Either titration or ion chromatography can be applied to measure the 𝑆𝑂4
2− 
concentration. Fleig et al. [89] applied salt method successfully in both the air 
combustion and oxy-coal combustion. In this process, ultraclean NaCl was placed in a 
tube and it was heated to 2000C. Flue gas was fed for 30 minutes through this packed bed 
reactor at a rate of 1L/min. After the exposure, ion chromatography was performed which 
provided results comparable to complete condensation.  
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 Due to the ease of use at lab-scale systems, salt method was used in the current 
study to detect SO3 in sample flue gas stream. In addition, the method was utilized as a 
useful tool for benchmarking the FTIR system. Titration techniques, using 0.005 M 
Barium perchlorate (Ba(ClO4)2); was used for quantification of SO4
2− ion in the salt 
sample. Thorin [2(2-hydroxy-3,6-disulfo-1-napthylazo) benzenarsonic acid] was used as 
the indicator. This procedure was reported to be effective for detecting 5-500 ppmv of 
sulfate. In this titration procedure, 10 ml. solutions were prepared dissolving the sulfate 
containing samples in water. 40 ml. of alcohol (propanol-2) and a drop of Thorin 
indicator were added to the solution. While titrating with barium perchlorate, the end 
point was reached with the change in color from yellow to pink. 
2.2.2.2. FTIR for SOx and NOx Quantification 
 FTIR is being used widely in lab-scale systems to quantify concentrations of 
evolved species due to its diverse nature and ease of application. It is based on the degree 
of absorption of incident IR rays at certain wavenumbers which are the characteristics of 
certain species. In the current study, FTIR was chosen as a primary method of detection 
alongside the salt method due to the simplistic nature and its proven reliability. Tensor 
27; a FTIR bench purchased from Bruker Optics, was integrated to the current 
experimental setup for SOx and NOx quantification. The instrument includes a KBr beam 
splitter and it has the ability of providing a resolution better than 1cm-1. The system is 
coupled with an MCT detector for rendering better sensitivity. A variable path length cell 
was purchased from Gemini Cell and it was integrated to the FTIR setup.  The cell can be 
heated up to 200oC and it is made from stainless-steel. To avoid corrosion, the stainless-
steel body was coated with SilcoNert, provided by SilcoTek. In addition, to ensure 
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resistivity in a highly acidic environment, zinc selenide (ZnSe) was chosen as the window 
material for the cell. To facilitate the detection of trace amounts of pollutants, the cell 
length can be easily varied from 1m to 6m, by steps of 1m. To heat up the cell 
homogeneously, a heating jacket coupled with a temperature controller was designed and 
built. This advanced FTIR setup was used successfully to detect SO2, NO, NO2 and N2O 
species in the course of this research project. But before employing this setup for 
emissions monitoring, optimized calibrations files were prepared. 
 Sulfur dioxide can easily be detected using FTIR spectroscopy. The vibrational 
modes of the SO2 are well established and these are clearly identifiable among the species 
present in combustion effluent. Based on the available literature [90, 91], the vibrational 
modes of SO2 are listed in the Table 2.3. 
Table 2.3 Vibrational frequencies of SO2 
Wavenumber, 
ν (cm-1) 
508 1153 1362 2306 2515 2724 
Assignment ν2 ν1 ν3 2ν1 ν1 + ν3 2ν3 
 
 Among the listed bands, 2ν1 and 2ν3 are very weak to detect. ν3 band is the 
strongest one but contributions from water and NO present in the effluent, necessitate the 
application of detailed multivariate calibration. While on the other hand, ν1 + ν3 band, 
though relatively weak, does not get much affected by any other species other than high 
concentrations of CO2. To enable SO2 quantification in presence of high levels of 
moisture content, multivariate calibration was performed considering SO2 and CO2 in the 
sample gas and the ν1 + ν3 band was utilized. The concertation range explored during the 
study was 200 - 3200 ppmv for SO2 and 64% - 72% for CO2. The optimized calibration 
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files had a R2 value of 0.99998 and it posed less than 1% error in detecting unknown 
sample concentrations. 
 Vibrational modes of sulfur trioxide through IR spectroscopy was first reported 
by Gerding et al. [92]. The vibrational peaks for gaseous SO3 were found at 1120 cm
-1 
and 1330 cm-1 but the result was questionable as the salt windows were attacked rapidly. 
Lovejoy et al. [93] measured the vibrational modes of SO3 in gaseous state at room 
temperature and in xenon matrix at low temperature using silicon windows. In Table 2.4 
the signature wavelength for SO3 are listed. 
Table 2.4 Vibrational frequencies of SO3 
Wavenumber, ν 
(cm-1) 
495 529 1391 2443 2773 
Assignment ν2 ν1 ν3 2ν1 ν1 + ν3 
 
Bent et al. [94] alongside Lovejoy et al. [93] performed experiments with different 
window materials to confirm the absorption band positions of SO3. Irtran-2 (4000 - 650 
cm-1) and KBr (below 650 cm-1) coated with fluorocarbon grease were the two window 
materials used. Absorption bands were observed at 496, 529, 1391, 2454 and 2777 cm-1 
and these were close to the values reported by Lovejoy et al. [93]. But in both cases, peak 
at 1330 cm-1, reported by Gerding et al. [92], was not observed. Later, high resolution 
spectra was collected by several groups [95, 96] to obtain the detailed structure of SO3 
absorption bands along with the bands for its isotopic species. In the current study, tests 
were performed to oxidize SO2 to SO3 using iron oxide nanoparticles and vanadium 
pentoxide (V2O5). The objective of such experiments was to identify the signature of SO3 
in IR spectra. Convoluted peak of SO3 with SO2 was observed around the wavelength 
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range of 1389-1425 cm-1 during these experiments and this was in line with previous 
study [97]. But due to the labile nature of SO3 in presence of water and SO2, the findings 
could not be successfully utilized for the combustion experiments. Moreover, most of the 
SO3 evolved during the combustion experiments should be converted to H2SO4 at the 
sample temperature. Even though, studies have successfully reported [98-100] the 
detection of H2SO4 with FTIR in combustion environment, with the current setup the 
detection of H2SO4 in the same region as SO2, SO3, water and NO could complicate the 
situation. To avoid such an obstacle and to successfully quantify the SO3+H2SO4 amount, 
the reduction in SO2 signal compared to the inlet value before combustion was assigned 
as the amount of SO3 present in sample flue gas. 
 In addition to the SOx species, calibration files were also prepared for NO-water, 
NO2-water and N2O-water. The fundamental vibrational frequency for NO was 
documented at 1876 cm-1 [101-103]. This peak is clearly observable in the IR spectrum 
but it gets overlapped by water. So, this peak was utilized for NO quantification but 
multivariate calibration had to be conducted. For NO2, signature peaks were documented 
[104-106] and the values are tabulated in Table 2.5. 
Table 2.5 Vibrational frequencies of NO2 
Wavenumber, ν 
(cm-1) 
1373 641 1628 3008 
Assignment ν1 ν2 ν3 ν1 + ν3 
 
In the current experimental analysis, the frequency 1628 cm-1 was utilized for 
multivariate calibration with water. On the other hand, the vibrational frequency at 1285 




not used to avoid interference from CO2 peak. With the existing analytical tool, the 
minimum concentration that could be detected was 100 ppmv for NO and 20 ppmv for 
NO2 and N2O. These in-house calibration files performed well and a maximum of 5% 
error was detected in predicting unknown concentrations in presence of water.  
2.2.2.3. Detection of Hg 
 In Figure 2.2, the schematic of the Hg detection systems, integrated to the gas 
phase combustion setup; is presented. The detection system was purchased from PSA 
Analytical. The system consists of following four units; i. Cavkit Hg vapor generator, ii. 
Dilution Probe, iii. Stream selector and iv. Hg detector. The Cavkit Hg vapor generator 
contains of a Hg reservoir through which carrier gas can be passed to obtain desired 
concentration of Hg. The unit was placed before the burner and for the oxy-combustion 
experiments, CO2 was utilized as the carrier. The flow rate of the carrier gas through the 
Hg reservoir was controlled from the PSA analytical software. To ensure satisfactory 
saturation of Hg in the sample flow throughout the entire experimental procedure, the 
temperature and pressure of the unit were to be maintained at 350C and 15 psig. 
respectively.  
 The dilution probe was placed right after the reactor and the flue gas samples 
from the 11th port (596K) of the reactor were introduced into this unit. The dilution probe 
acts as a sample conditioning module. It receives the heated flue gas samples through an 
orifice and the sample is diluted with air at the ratio of 40:1. The diluted sample is then 
split into two and are sent to a catalytic converter (maintained at 7500C) and to an 
adsorber bed. The catalytic bed converts all the oxidized Hg present in the sample gas to 
elemental mercury while the selective adsorber bed strips the oxidized Hg off the other 
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stream. Thus, from the dilution probe two effluent streams are obtained. One from the 
catalytic bed converted is representative of the total Hg (HgT) and the one from the 
adsorber bed is representative of the elemental Hg. From the difference between these 
two streams, the amount of oxidized Hg can easily be calculated. 
 In the next step, the Hg0 and HgT samples were passed from the dilution probe 
unit to the stream selector unit. The stream selector selects and routes the sample stream 
(Hg0 or HgT) to be analyzed by the Hg analyzer. The sequence of this unit was controlled 
by the software. The unit itself contains a layout of valves which switch between on and 
off modes based on the operation sequence. The sample stream not being analyzed is 
ususally discarded by routing it to waste port.  
 The stream selector was followed by the Sir Galahad Hg Analyzer. The working 
principle of this unit is based on the combination of Hg entrapment and detection by 
atomic fluorescence spectroscopy. The unit contains an Amasil trap, Hg lamp and a 
photomultiplier tube (PMT). The Amasil trap is basically a system of gold coated silica 
particles. It traps the Hg from the sample stream with higher efficiency as the particles 
provide high surface area for Hg adsorption. The Hg from the particles gets desorbed 
once the trap is heated over 5000C. The revaporized Hg is then passed by a Hg lamp 
while using argon (Ar) as the carrier. The signal from the produced fluorescence is 







2.2.3. Methodology of Performing Experiments 
 The first step of the gas phase experiments was to produce a stable flame. Based 
on the desired combustion condition, certain equivalence ratio and oxidizer composition 
were chosen and flow rates of CO2, O2 and CH4 were selected. The burner controller 
including the UV detector and solenoid valve were turned on and the furnace was heated 
up to 11000C. After the furnace reached set point temperature, the heat tapes wrapped 
around the lower part of the reactor were turned on. In order to mimic the time-
temperature history of a power plant boiler, these heat tapes were maintained at certain 
temperatures. The input temperature values used to maintain the high-quench profile is 
presented in Table 2.6. The heat tapes were maintained at the specified temperatures by 
employing an in-house code, developed by using LabVIEW.  
Table 2.6 Temperature set-points of the heat tapes 
 Heat Tape-1 Heat Tape-2 Heat Tape-3 Heat Tape-4 
Temperature(0C) 400 343 325 325 
 
 After achieving the desired temperature profile in the reactor, mixture of CO2 and 
O2 was introduced, followed by the injection of CH4. To activate the UV flame detector, 
a pilot flame was first placed near the detector. This step made the UV detector to allow 
the flow of CH4 through the burner. At the high temperature of the furnace, the mixture 
got ignited and a stable flame was created. After careful monitoring of the stability of the 
flame, pollutant gases such as SO2, NO, Hg and HCl were introduced. After an hour, the 
needle valves were opened to collect samples.  
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 For detection of SO3 using the salt method, 1 gm. of salt was placed in a ½ inch 
quartz tube and the tube is heated to 2000C. After opening the valve, the sample flow was 
passed through this tube. The time of the sample collection was determined by the sample 
flow rate through this packed bed reactor. After doing so, the valve was closed and the 
sample was analysed using titration.  
 For detection by FTIR, the valve was opened and sample from each port was 
passed through the heated IR cell (set at 1m optic length) for 15 minutes. During this 15-
minute sampling period, the signal strength was observed carefully. As the signal seemed 
to reach an equilibrium state, spectra collection using OPUS software was started. For 
both the NOx and SOx experiments, samples were collected at 8cm
-1 resolution. After 
collection of spectra, the valve was closed and purging of the sampling manifold and the 
IR cell was done using Ar. At the end of purging, another spectrum was collected to 
ensure absence of SO2, NO and water. The same procedure was applied to the 11 other 
sampling ports. The collected samples were analyzed using GRAMS software based on 
the previously built multivariate calibration matrix and the amount of SO3, SO2 and NO 
were quantified.  
 In case of Hg experiments, Hg at the desired concentration was introduced after 
the flame is created. The amount of Hg and dilution gas can be controlled by using the 
PSA Online software. After the introduction of Hg, the sampling sequence in the 
software was started. This allowed the flue gas to pass through the stream selector and the 
analyzer. After doing so, the system ran until a stable signal was achieved. The peak area 
and intensity values for Hg0 and HgT were noted. The same procedure was performed for 
2 or 3 more Hg concentrations. Form the collected value, a calibration file was built for 
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Hg detection. Later, for a certain concentration of Hg, HCl gas was introduced. 
Comparing the reduction of the Hg signal with calibration matrix, the amount of oxidized 
Hg was quantified. 
2.2.4 Burner Stability Test         
 For setup optimization, flame stability tests were performed in the range of 0.8-
0.98 equivalence ratios and O2 percentages of 30-35%. The most stable flames, as shown 
in Figure 2.5 were found in the 30-34% range. As the O2 percentage was increased, flame 
showed the tendency of flashing back, as shown in Figure 2.6, either instantly or after a 
sufficient amount of time. All the stability tests were performed by optimizing the 
placement of the burner and the flames were carefully monitored for an hour to ensure 
flash back or blow-off will not occur in long experimental runs. The results of the flame 
stability tests are presented in Table 2.7. 
  
  
Figure 2.5 Stable flame Figure 2.6 Flame about 
to flashback 
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A COMPREHENSIVE EXPERIMENTAL AND MODELING STUDY OF 
SULFUR TRIOXIDE FORMATION IN OXY-FUEL COMBUSTION1 
3.1 Introduction  
 Higher levels of SO2 oxidation is expected in oxy-combustion environment due to 
the changes in combustion medium and operating mode. The increased oxidation can 
lead to the formation of increased levels of SO3 in the boiler. As discussed in the 
preceding sections, SO3 can cause severe corrosion to the plant units. So before 
retrofitting the existing plants with oxy-combustion technology, it is crucial to understand 
the sulfur chemistry. The information regarding the SO3 temporal profile will be useful to 
the power plant industry as the information can be utilized to find optimum materials of 
construction for boiler and to determine the suitable operating mode to avoid corrosion. 
One of the objectives of this project was to provide this crucial piece of information 
regarding the temporal profile of SO3. Moreover, the project explored the influence of 
operating parameters on SO3 formation. Kinetic simulations employing existing 
combustion mechanisms were also performed to obtain useful insight regarding the sulfur 
chemistry and to evaluate the performance of the reaction sets. The methodology is 
explained in details in the previous chapter. The results collected during the course of the 
                                                 




project and the explanation behind the observed trends are narrated in subsequent 
sections.  
3.2. Results and Discussion   
3.2.1. Kinetic Simulations                              
 SO3 profiles along the reactor obtained by applying the Alzueta and Leeds 
mechanisms are presented in Figure 3.1. These cases were simulated for ϕ = 0.855, 
32.5% O2 and 2500 ppmv of SO2 in oxidizer. For the Alzueta mechanism, the rate of 
production (ROP) analysis revealed the formation of SO3 to be through following 
reactions R(1) - R(-4).  
 SO2 + O + M  SO3 + M  R(1)      
 HOSO2 + O2  SO3 + HO2  R(2)      
 SO3 + H  SO2 + OH  R(3)      
 SO3 + OH  SO2 + HO2   R(-4)  
Reaction R(1) was observed to be an active route for SO3 formation in the temperature 
range of 976 - 1383K while consumption occurred through the reverse reaction in the 
temperature range of 1383-1394K. R(2) was found to be producing SO3 in the range of 
755-1383K while consumption through the reverse route occurred in the range of 1383-
1394K. The reverse reactions, leading to SO3 consumption, contributed to the dip in the 
SO3 profile in the mentioned temperature region. It was also observed that, R(1) acted as 
the dominant path for SO3 production at the beginning of the combustion zone due to the 
availability of O radicals while in the cooling zone R(2) acted as the dominant one. R(3) 
consumed SO3 in the temperature range of 1343-1394K where H radicals were available, 
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but the rate of consumption was lower than the production rate through other routes. R(-
4) contributed to SO3 formation in the range of 627-1387K but at a lower rate comparing 
to the R(1) and R(2).          
 
Figure 3.1 Simulated SO3 profile using the 
Alzueta and Leeds mechanisms 
 
This analysis revealed the overall temperature range of SO3 formation to be 627-1383K. 
However, the concentration of SO3 almost reached a constant amount at 1050K, 
indicating negligible production at lower temperatures. Also, around 800 K the SO3 
concentration started going downward with the H2SO4 concentration going upward, as 
the conversion to H2SO4 started around that temperature. For the Leeds mechanism, 
reactions R(1), R(2) and R(-3) were found to be the primary pathways for SO3 
production. All these reactions were found to be generating SO3 in the temperature range 
of 703-1394K and no SO3 consumption through reverse direction were observed. Even 
though consumption of SO3 did not occur while applying the Leeds mechanism, the SO3 
formation and consequently the final H2SO4 concentration was found to be higher with 
the Alzueta mechanism. 
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3.2.1.1. Effect of SO2 Concentration       
 Four different concentrations of SO2 between 1000-3200 ppmv were introduced 
into the PFR in order to investigate the effect of SO2 on the final SO3+H2SO4 
concentration and the results were plotted in Figure 3.2. As expected, with increasing the 
SO2 concentration in the oxidizer, an increase in the SO3 concentration was observed for 
both reaction mechanisms as seen in Figure 3.2. But the ratio of SO3/SO2 was found to be 
decreasing as shown in Figure 3.3.  
 
 
Figure 3.2 Comparison between 
experimental and model predictions for 
the effect of inlet SO2 concentration on 
final SO3+H2SO4 concentration 
Figure 3.3 Comparison between 
experimental and model predictions for 
the effect of inlet SO2 concentration on 
conversion 
 
Previous studies [50] attributed this decrease in conversion to the role of SO2 working as 
an inhibitor. A similar trend was observed in a study [108] investigating gas-phase 
conversion of SO2 to SO3 in simulated oxy-combustion environment and it was explained 
by the dependency of the reaction order on SO2 concentration. For all the simulated 
cases, the ratio of conversion was found to be in the range of 1.7-2.1% and 1.5-1.7% 
while working with the Alzueta and Leeds mechanisms, respectively.  
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3.2.1.2. Effect of Equivalence Ratio and O2 Concentration            
 The equivalence ratio of the combustible mixture was varied from 0.8 to 0.98 in 
the simulated cases. It was found that operating with a richer mixture, i.e., higher ϕ, 
resulted in a lower SO3 concentration. The results reflecting the effect of ϕ were 
presented in Figure 3.4. When ϕ is lowered, availability of O and OH radicals are higher 
in the system, which eventually contributes to higher SO3 generation. Also, higher ϕ, in 
other words, a richer mixture, will increase the availability of different hydrocarbon 
radicals, which were found to be negatively affecting SO3 generation. In the simulated 
cases, O2 concentration in the oxidizer was also varied while maintaining the ϕ at 0.855 
and SO2 concentration in the oxidizer at 2500 ppmv. The results of these simulations 
were presented in Figure 3.5. 
With increasing the O2 concentration, higher concentrations of O and OH radicals are 
expected, which should contribute to higher SO3 generations. But interestingly, the effect 
of this parameter was found to be quite negligible for the simulated conditions. 
  
Figure 3.4 Effect of equivalence ratio (ϕ) 
on final SO3 + H2SO4 concentration 
 
Figure 3.5 Effect of O2 percentage on 




3.2.1.3. Effect of Recycled SO3             
 Cases were simulated with ϕ = 0.855 and O2 = 32.5% where 60% - 80% of the 
evolved SO3 was recycled back to the PFR. With the introduction of such recycled 
stream, no change in the final SO3 concentration was observed. The reason is that as the 
recycled SO3 passes through the flame, dissociation takes place as SO2 is favored by the 
equilibrium at the temperatures of the flame zone, hence no change is observed on the 
total SO3 production under recycle conditions. 
3.2.1.4. Effect of NO          
 To investigate the influence of NO on SO3 formation, different concentrations of 
NO were introduced in to the PFR and simulations were run using the Alzueta, Alzueta + 
Leeds(S/N/C), Alzueta + Wendt and Alzueta + Wendt + Leeds(S/N/C) reaction sets. 
Applying the Alzueta mechanism for 800 ppmv NO in the oxidizer resulted in higher SO3 
+ H2SO4 amount compared to the cases that were simulated in the absence of NO. On the 
contrary, by increasing the NO concentration in the oxidizer to 1500 ppmv, the final SO3 
+ H2SO4 concentration got slightly lowered. This effect was also observed by Fleig et al. 
and was attributed to the consumption of O and OH radicals by reaction R(5) and R(6).  
 NO + O + M  NO2 + M  R(5)      
 NO + OH + M  HONO + M  R(6) 
As the direct interactions between SOx and NOx species are not a part of the Alzueta 
mechanism, the changes in the generated SO3 + H2SO4 amount can be explained by the 
effect of NO on the radical pool through reactions R(5)-(7).  
 NO + HO2  NO2 + OH  R(7) 
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In Figure 3.6, this effect has been presented by comparing the SO3 profile in the absence 
and presence of 800 ppmv NO. These cases have been simulated for ϕ = 0.855, O2 = 
32.5% and inlet SO2 = 2500 ppmv.                                                 
 
Figure 3.6 Effect of 800 ppmv NO introduction 
on SO3 concentration by applying different 
mechanisms 
  
While applying the Alzueta + Leeds (S/N/C) reaction set, the highest reactor outlet 
concentration of SO3 + H2SO4 was observed. The ROP analysis showed reactions R(2), 
R(8), R(1) and R(-4) to be generating SO3 in the presence of NO.  
 NO2 + SO2  SO3 + NO  R(8) 
The Alzueta + Leeds (S/N/C) reaction set contains the same reaction R(8) as the Alzueta 
+ Wendt reaction set but with different reaction parameters. The ROP analysis showed 
R(8) to be significantly important in generating SO3 and consequently leading to a higher 
conversion of SO2.    
 While applying the Alzueta + Wendt reaction set, some rise in the final 
concentration was seen, but it was lower than that with the Alzueta + Leeds (S/N/C) 
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reaction set. The reaction R(8) still played a significant role in SO3 generation, but due to 
the difference in the reaction parameters, the contribution from this reaction was lowered. 
Similarly, the Alzueta + Wendt + Leeds (S/N/C) reaction set also yielded a higher 
concentration of SO3+ H2SO4 in the reactor outlet and it was lower than both the Alzueta 
+ Leeds (S/N/C) and the Alzueta + Wendt reaction sets. As both sets contain reaction 
R(8) with different reaction parameters, in the Alzueta + Wendt + Leeds (S/N/C) reaction 
set this reaction was declared as duplicate in the chemistry set. And it was observed that, 
R(8) from the Leeds mechanism and R(8) from the Wendt reaction set both contributed to 
SO3 generation. But lower formation through R(8) from the Wendt reaction set might 
have been the reason for the reduction in the overall formation of SO3+ H2SO4. In Figure 
3.6, comparison between the SO3 profiles with 800 ppmv NO introduction is presented 
for all the mentioned reaction sets. It should be mentioned that the cases presented in 
Figure 3.6 was simulated excluding the H2SO4 formation reaction from the mechanism to 
emphasize the difference between the SO3 profiles in the presence and absence of NO.  
 The computational parametric study conducted so far, under a realistic 
temperature profile, showed significant influence of ϕ and inlet SO2 concentration on the 
generated SO3 amount. However, the influence of the inlet O2 concentration was found 
not to be significant. It can be concluded from the simulation results that when the system 
reached a certain concentration of O and OH radicals and it attained a certain degree of 
SO2 oxidation, the presence of higher O2 concentration became kinetically insignificant. 
Also, the presence of NO was found to be influential both through direct and indirect 
interactions. The direct interaction was mostly through reaction R(8) while the indirect 
interaction was through the change in the radical pool.    
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3.2.1.5. Sensitivity Analysis                                           
Without NO Introduction  
 Sensitivity analyses were performed on both mechanisms (Alzueta and Leeds) to 
determine the rate dominating reactions for SO3 formation. It was observed that different 
sets of reactions played a role in SO3 formation for different mechanisms. For the Alzueta 
mechanism, following reactions were found to be the ones influencing (in the decreasing 
order) SO3 formation mostly.    
 CO + OH   CO2 + H  R(-9)      
 OH + HO2   H2O + O2  R(10)      
 SO2 + OH + M  HOSO2 + M   R(11)      
 2HO2   H2O2 +O2   R(12)      
 H2O2 + OH   H2O + O2  R(13)      
 OH + H2   H2O + H  R(14)      
 HO2 + CO  CO2 + OH  R(15)      
 SO3 + OH   SO2 + HO2  R(4)      
 H2O2 +M   2OH + M   R(16)      
 O + OH  O2 + H   R(17)      
 H + O2 + M  HO2 + M   R(18)      
 HOSO2 + O2   HO2 + SO3  R(2)      
 2OH  O + H2O   R(19)              
Sensitivity coefficient of the reaction R(-9) revealed that the burnout reaction of CO can 
have a positive effect as well as a negative effect on the SO3 formation. The negative 
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effect was found to be more pronounced and it was prominent in the region of 
temperature <1265K due to the consumption of OH radicals. Positive effect was observed 
at the temperature region >1265K where the produced H radicals reacted by the reverse 
reaction of R(17) and formed O and OH radicals, both of which are essential for SO3 
production. Reaction R(10) was also found to have both positive and negative effects on 
the SO3 formation. In the region of temperature <1265K, positive effect from this 
reaction was observed as such consumption of OH radicals resulted in forming H2O and 
O2, which contributed to formation of more O and OH radicals and this was in 
competition with R(-9), which also consumed OH radicals. But above 1265K, formed H 
radicals started going through the reverse R(17) and the consumption of OH through 
R(10) started having a negative effect on SO3 production. Negative influence was 
observed from reaction R(11) due to the consumption of both SO2 and OH radical 
forming relatively stable HOSO2 radical. R(12) was found to be having a positive effect 
on the SO3 production as hydrogen peroxide (H2O2) radicals later broke down through 
R(16) and formed OH radicals. R(13) was also found to be having a negative effect 
below 1200K due to the consumption of OH radicals. But above 1200K, the formed H2O 
started going through the reverse R(19) forming OH radicals and a positive effect was 
observed in this region. R(14) also showed a negative effect below 1265K, while a 
positive  effect on SO3 formation was observed above 1265K due to the effect of H 
radicals formed as explained. R(-4), R(15), R(16), R(17) and R(19) were found to be 
having a positive effect on SO3 formation due to the production of OH radicals, necessary 
for SO3 formation while R(18) had a negative effect due to the consumption of both the H 
radicals and O2. Negative influence on SO3 generation was also exhibited by R(2). Even 
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though SO3 can be generated through this pathway, formation of relatively stable HO2 
radical can influence the overall effect from this reaction to be negative. 
 Performing sensitivity analysis on the Leeds mechanism revealed the following 
reactions to be the rate determining ones (in decreasing order) regarding SO3 formation. 
 O2 + H  O + OH   R(-17)      
 O2 + H + M   HO2 + M  R(18)      
 HOSO2 + O2  HO2 + SO3  R(2)      
 SO2 + OH  SO3 + H  R(-3)      
 O2 + H + H2O  HO2 + H2O  R(20)      
 SO2 + O + M  SO3 + M  R(1)      
 CO + OH  CO2 + H  R(-9)      
 SO2 + OH + M   HOSO2  R(11)               
In the Leeds mechanism, R(-17) was found to be affecting SO3 formation to the highest 
extent instead of R(-9). Formations of O and OH radicals contribute to the SO3 formation, 
hence a positive sensitivity coefficient. R(18), R(20) and R(-9) were observed to be 
negatively affecting SO3 production due to the consumption of H and OH radicals. R(2), 
R(-3), R(1) and R(11) were found to be positively affecting the SO3 evolution due to 
formation of SO3 itself or the intermediate species. 
 The sensitivity analysis performed on both mechanisms showed that SO3 
formation is most sensitive to the reactions involving H, OH and O radicals. For the 
Alzueta mechanism, the reaction involving CO conversion was found to be of the highest 
significance. However, for the Leeds mechanism, the reaction forming O and OH radicals 
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from O2 played the greater role. Also, for the Alzueta mechanism, sensitivity of certain 
reactions was found to be temperature dependent, but for the Leeds mechanism no such 
effect was observed. This can be due to the different reaction pathways and parameters 
considered in each mechanism.  
With NO Introduction                  
 To determine the dominant reaction pathways of NO interaction with SOx species, 
sensitivity analyses were performed for the Alzueta, Alzueta + Leeds (S/N/C), Alzueta + 
Wendt and Alzueta + Wendt + Leeds (S/N/C) reaction sets in the presence of 200 ppmv 
NO in the oxidizer. Reactions influencing SO3 generation at varied extents are listed 
below and the resultant sensitivity coefficients are presented in Figure 3.7. 
 NO + O + M  NO2 + M  R(5)      
 SO2 + NO2  SO3 + NO  R(8)      
 NO2 + O  NO + O2   R(-21)      
 NO+HO2  NO2 + OH  R(7)      
 NO2 + H  NO + OH  R(22)      
 HONO + OH  NO2 + H2O  R(23)      
 NO2 + HO2  HONO  +O2  R(24)      
 NO + OH + M  HONO + M R(25)      
 H + NO + M  HNO + M  R(26)      
Positive sensitivities towards SO3 generation was exhibited by reactions R(7), R(22), 
R(24) and R(25) for all the reaction sets. Evolution of OH radicals and O2 through these 
reactions facilitated the SO3 generation. Reaction R(8) exhibited strong positive effect on 
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SO3 generation by the direct interaction between SO2 and NO2 for all the reaction sets 
except for the Alzueta mechanism.  
 
In the Alzueta mechanism, such direct interaction was not included. Also, it should be 
noted that reaction R(8) had different rate constants for Alzueta + Leeds (S/N/C) and 
Alzueta + Wendt reaction sets. The sensitivity coefficients for Alzueta + Wendt + Leeds 
(S/N/C) reaction set showed that SO3 generation was more sensitive to reaction R(8) 
from the Leeds mechanism than the one from the Wendt reaction set. This demonstrated 
that reaction R(8) in the Leeds mechanism, having a different  rate, was facilitating the 
SO3 production more. Reactions R(5), R(-21) and R(23) negatively affected SO3 
generation for all reaction sets due to the consumption of O and OH radicals. R(26) also 
 
Figure 3.7 Sensitivity coefficients for SO3 formation in the presence of 200 ppmv NO 
with different reaction sets 
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exhibited a slightly negative influence on SO3 generation, but this reaction was not 
present in the Alzueta mechanism. From the results, it can be observed that each of the 
reactions listed above had the same positive or negative effect for all four reaction sets. 
However, the extent of the effect was different as observed in Figure 3.7. 
 Finally, from the results of this sensitivity analysis, it can be stated that the 
presence of NO in the system influences the final SO3 concentration to a great extent. 
Depending on the reaction set applied, it was found to have an impact on the sulfur 
chemistry either through the radical pool or by a direct interaction resulting in a different 
SO3 concentration in the reactor. Comparison of these results obtained from the different 
reaction sets against experimentally obtained data can help to shed light on possible 
reaction pathways for SOx-NOx interaction. 
3.2.2. Gas Phase Experimental Results                
 In this study, gas phase oxy-combustion experiments were performed to obtain 
speciation data of SOx under a variety of operating conditions. The sampling temperature 
ranged from 1100K to 600K within the reactor. For each data point, two consecutive 
samples were obtained from each port in the reactor without interrupting the operation. 
The reproducibility of the collected data was documented by reporting the average of the 
two concentration values obtained from consecutive sampling. It can be seen from the 
presented results that there was significant variability in the collected data and this can be 
attributed to the difficulty of sampling SO3 without condensing and to the inherent 
uncertainty of the detection method. The collected speciation data was compared to the 
simulation results, which can facilitate any further effort to modify the kinetic 
mechanisms. A detailed list of all the conditions tested is presented in Table 3.1.  
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 By applying the salt method, temporal profile of SO3 was collected for the case 
with ϕ = 0.855, 2500 ppmv of SO2 and 32.5% O2 in the oxidizer. As it is shown in Figure 
3.8, the SO3 concentration gradually increased from 10 ppmv at 1000 K to 42 ppmv at 
600K. Comparison between the simulation results with the Alzueta mechanism and 
experimental data revealed that for the simulated cases, SO3 concentration plateaued at 
1050 K while for the experimental cases, significant conversion to SO3 continued to 
occur till 650K.    
 The temporal profile collected for 1000 ppmv SO2 in the oxidizer is presented in 
Figure 3.9 and it reveals to have lower SO3 generation than the 2500 ppmv SO2 case. 
Other than the SO2 inlet concentration, all other parameters in these experiments were 
kept constant. For the 1000 ppmv SO2 inlet, 24.5 ppmv SO3 was formed at the end of the 
reactor at 598K and for 2500 ppmv SO2 inlet, the amount was 35.5 ppmv. The rise in the 





Figure 3.8 Comparison between 
experimental and model predictions for 
the temporal profile of SO3+H2SO4 
concentration  
 
Figure 3.9 Comparison between 
experimental temporal profiles collected 
with different inlet SO2 concentrations in 
the oxidizer 
  
 Experiments were also performed by introducing 1800 ppmv and 3200 ppmv SO2 
in the oxidizer and the samples were collected from the end of the reactor at 598K. In 
Figure 3.2, all the reactor exit concentrations of SO3 for varied inlet SO2 concentrations 
are presented and the comparisons with the simulation results are demonstrated. In the 
experimental cases, the final SO3 concentration ranged from 24.5 ppmv to 44.5 ppmv. 
Comparison with the simulated results shows that for 1000 ppmv SO2 inlet, both the 
Alzueta and Leeds mechanisms underpredicted the final SO3 concentration with the 
Leeds mechanism generating the lowest amount. But for all the other SO2 inlet 
concentrations, the predictions from both mechanisms have been in good agreement 
comparing to experimental results. In Figure 3.3, the experimentally obtained conversion 
of SO2 for varied inlet concentrations is presented. The conversion gradually decreased 
with increasing SO2 introduction and varied from 2.1% for 1000 ppmv of SO2 inlet to 
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1.6% for 3200 ppmv of SO2 inlet. The Alzueta mechanism also demonstrated a deceasing 
trend in the SO2 conversion with increasing inlet concentrations, but the conversion for 
1000 ppmv SO2 was underpredicted. For all the other cases, the predictions from the 
Alzueta mechanism were close to the experimental results. Similar decreasing trend for 
SO2 conversion was observed with the Leeds mechanism in the range of 1800 ppmv to 
3200 ppmv inlet concentrations, but an increase in conversion was observed from 1000 
ppmv to 1800 ppmv SO2 inlet. The Leeds mechanism also had underpredicted the SO2 
conversion for the 1000 ppmv case, but performed well for all the other inlet 
concentrations.     
 The effect of O2 percentage in the oxidizer stream was also investigated by 
collecting the SO3 profiles at 34% and 32.5% O2. In Figure 3.10, it can be observed that 
the SO3 generated with 34% O2 is significantly higher than the one generated with 32.5% 
O2 and the amount of SO3 generated varied from 22 ppmv at 1100K to 74 ppmv at 598K. 
The increase in the O radicals due to the presence of more excess oxygen can lead to the 
rise in the final SO3 amount. However, in the simulated cases, influence of the O2 
concentration on SO3 generation was not found to be so prominent.     
 In Figure 3.11 the temporal profiles of the case with ϕ = 0.98, 2500 ppmv of SO2 
and 32.5% O2 in the oxidizer is presented and it is compared with the case with ϕ = 
0.855. It can be observed from Figure 3.11 that with the same SO2 and O2 inlet 
concentrations, evolved SO3 concentration was lower for higher equivalence ratio and the 
temporal profile had the same gradually increasing trend with the decreasing temperature. 
The SO3 concentration decreased from 35.5 ppmv for ϕ = 0.855 to 22 ppmv for ϕ = 0.98. 
Both the Alzueta and Leeds mechanisms demonstrated the decreasing trend for richer 
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combustion environment, but generated SO3 amounts were better predicted for the leaner 
combustion mixture. 
 
For ϕ = 0.98, predicted SO3 concentrations by the Alzueta and Leeds mechanisms were 
15.56 ppmv and 16.12 ppmv, respectively, as opposed to the experimentally obtained 
value of 22 ppmv. For ϕ = 0.855, predicted SO3 concentrations by the Alzueta 
mechanism and Leeds mechanism were 38.4 ppmv and 35.2 ppmv, respectively, while 
the experimentally obtained value was 35.5 ppmv.  
 In Figure 3.12, the final SO3 + H2SO4 concentrations in the presence of NO in the 
oxidizer at various concentrations are presented and the comparison with different 
reaction sets is demonstrated. For these experimental cases, NO was introduced at 200, 
500, 800, 1000 and 1500 ppmv and the samples were collected from the 11th port of the 
reactor at 596K. The inlet SO2 concentration in the oxidizer was kept constant at 2500 
ppmv with ϕ = 0.855 and O2 = 32.5%. 
 
 
Figure 3.10 Comparison between 
experimental temporal profiles collected 
with different O2 concentrations in the 
oxidizer 
Figure 3.11 Comparison between 
experimental temporal profiles 





Figure 3.12 Comparison between experimental and 
model predictions with different NO concentrations 
 
  
The collected data exhibited inconsistency when repeating the experiments. As it can be 
observed from Figure 3.12, for 200 ppmv NO introduction, final SO3 + H2SO4 
concentration was 85.5 ppmv. This is significantly higher than the amount generated 
(35.5 ppmv) in the absence of NO. The value reached to 125 ppmv in the presence of 500 
ppmv NO in the oxidizer followed by a decrease for higher NO concentrations and for 
1500 ppmv NO, the generated SO3 + H2SO4 concentration was 37 ppmv. If compared 
with the model predictions, only the Alzueta mechanism demonstrated this trend, which 
can be explained by the interaction of NO with the radical pool but it was not noticeable 
to such high degree. The amount of SO3 generated in the presence of 500 ppmv NO was 
also quite high and the results obtained from none of the reaction sets were comparable. It 
should be noted that the reproducibility of the experimental data obtained with the salt 
method was not very good when NO was present possibly due to an interference 
occurring between NaCl and nitrogen dioxide (NO2) forming nitrosyl chloride (NOCl) 
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[109]. To shed light on this, a more accurate detection method needs to be applied and the 
salt method may not be the appropriate method for measuring SO3 in the presence of NO.  
Despite the poor reproducibility, these results still indicate that there is an interaction 
between NOx and SOx species, both direct and indirect. 
3.3. Conclusions           
  In this phase of the project, sulfur chemistry, particularly SO3 generation in an 
oxy-combustion environment, was investigated by both computational and experimental 
methods.  Kinetic simulations using two different combustion mechanisms were 
implemented in order to observe the effects of combustion parameters on SO3 generation.  
The Alzueta mechanism was found to predict higher SO3 concentrations compared to the 
Leeds mechanism in all simulated cases.  Final SO3 concentration was observed to be 
increasing with increasing inlet SO2 concentration; however, the conversion of SO2 
reduced.  An increase in the equivalence ratio caused the final SO3 concentration to 
decrease while increasing the inlet O2 concentration had a slight effect on SO3 generation. 
Investigation of the SOx-NOx interaction was also conducted by integrating different 
reaction sets to the Alzueta mechanism. It was found that significant SO3 formation 
occurred due to the direct interaction of SO2, NO and NO2. Along with the direct effect, 
NO also demonstrated its influence on SO3 formation through the radical pool. 
Sensitivity analysis revealed that the reactions involving O, OH and H radicals dominated 
the SO3 generation in oxy-combustion environment. Parametric studies were performed 
experimentally in a unique lab-scale setup by varying equivalence ratio, SO2 and O2 inlet 
concentrations and the temporal SO3 profiles for these conditions are reported. Salt 
method was used as the detection method and a maximum of 20% error in reproducibility 
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of the experimental data was observed. In all the experimental cases, significant SO3 
generation occurred till 650K, but the simulated cases indicated the SO3 formation to 
reach a plateau around 1050K. Comparisons showed that the two applied mechanisms 
were able to predict the outlet concentrations and the conversion of SO2 for a variety of 
inlet SO2 concentrations, but not the temporal profile. Also in the experimental cases, the 
inlet O2 concentration was found to influence the SO3 generation significantly; however, 
the simulated cases suggested the influence to be negligible. Introduction of varied 
concentrations of NO was found to initially cause a rise in the final SO3 generation, 
peaking at 500 ppmv NO followed by a decrease when the NO concentration was 
increased.  The reaction sets considered in this study for investigating the SOx-NOx 
interaction computationally could not predict the high SO3 generation in the presence of 
NO. But the experimentally collected results in the presence of NO exhibited a larger 
error range than the ones collected in absence of it. This indicates that the salt method 
may not be suitable for SO3 measurement in the presence of NO. But even with the high 
error range, collected results demonstrated that there is still room for more improvements 
and modifications in the existing combustion mechanisms. Also, to narrow the range of 
variability, a more reliable detection method needs to be developed, so that more accurate 









 In gas-phase combustion systems, the chemistry of pollutants is dependent on the 
concentrations of radicals. As the radical pool is shared between all the combustion 
species, it is necessary to conduct the investigations where all the dominant species are 
considered. Exploring the chemistry of a singular specie can provide useful information 
and it is helpful to tweak the existing reaction networks. But to be able capture the 
realistic picture, the interaction between the species should be explored and the obtained 
data should be utilized to modify the reaction network accordingly. In the previous 
chapter, the oxidation chemistry of sulfur was investigated in presence of realistic radical 
pool. But, the experimental efforts regarding the influence of NO and SO2 were not 
fruitful as the SO3 measurement technique was not applicable in presence of NO. As an 
extension of that project, the current chapter discusses the successful attempts to reveal 
the interaction between NOx and SOx species. Experimental efforts were made to utilize 
FTIR as a detection technique to measure combustion emissions and the effect of NO 
concentrations on the generation of SO3 was documented by utilizing this tool. Moreover 
                                                 




research was conducted to explore the fate of NO in oxy-combustion systems by 
employing the combinatorial approach of kinetic simulation and experimental analyses. 
In the following sections, the chapter discusses the collected data and provides its readers 
with suitable explanations. It also provides the readers with proof that FTIR can be 
utilized as a continuous emissions monitoring technique and the comparison between the 
experimental analyses and kinetic simulation urges the researchers to improve the 
existing combustion mechanisms.  
4.2. Results and Discussion 
4.2.1. Speciation of NOx                                              
 Figure 4.1 illustrates the simulated temporal profiles of NO, NO2, N2 and N2O 
along with the experimental temporal profile of NO for equivalence ratio (φ) of 0.86 and 
inlet O2 concentration of 32.5%.  
 
Figure 4.1 Measured NO and simulated NO, NO2, N2 and 
N2O temporal profiles for φ = 0.86, O2 = 32.5% and NO 




Experimentally, no NO2 was observed while N2 was not monitored. According to the 
simulated profile, around 1200K-1300K, reduction of NO occurred due to formation of 
N2O [reactions R(1)-R(2)] and its subsequent conversion to N2 [reactions R(3)-R(5)], 
formation of N2 through N, NH and NH2 radical channels [reactions R(6)-R(8)] and 
interconversion between NO and NO2 [reactions R(9)-R(10)].                                                                                                             
 NH + NO  N2O + H   R(1)     
 NCO + NO  N2O + CO   R(2)                                                        
 N2O + H  N2 + OH     R(3)     
 CO + N2O  N2 + CO2   R(4)     
 N2O + O  N2 + O2    R(5)     
 N + NO  N2 + O    R(6)     
 NH + NO  N2 + CO2     R(7)    
 NH2 + NO  N2 + H2O   R(8)                                                                              
 NO + HO2  NO2 + OH   R(9)                                       
 NO + O(+M)  NO2(+M)   R(10)                                                                 
NO2 that was formed mostly converts back to NO through reactions R(11)-R(13). 
 NO2 + H  NO + OH   R(11)     
 NO2 + O  NO + O2    R(12)     
 CH2 + NO2  CH2O + NO   R(13)                        
The reduction of recycled NO occurs mostly in the region of 1200K-1300K and the 
concentration remained constant for lower temperatures. To obtain the temporal profile of 
NO experimentally, samples were collected from the temperature range of 1016K-598K 
and the experiments were performed at least twice to check the reproducibility. Similar to 
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the simulated data, with the decreasing temperature from 1016K to 598K, the outlet 
concentration of NO did not exhibit any significant change with a reasonable day-to-day 
variability of 0.23-1.96%. The predicted reduction of recycled NO at higher temperatures 
(above 1200K) could be captured in the experiments as the samples were collected 
downstream of the furnace at lower temperatures. However, the reduction percentage 
(29%-34%) observed experimentally was interestingly higher than the predictions (17%). 
Moreover, the model predicted 13 ppmv of NO2 to exist at the reactor outlet. However, 
experimentally, no NO2 was observed. The authors cannot pinpoint the reason for this 
discrepancy due to the detection limit of the FTIR system.   
 4.2.1.1. Effect of equivalence ratio 
 To explore the influence of φ on the reduction of recycled NO, gas phase 
experiments and kinetic simulations were conducted for φ = 0.8-0.98, and concentrations 
of 32.5% O2 in the oxidizer stream and 2000 ppmv of NO in the reactor. The exit 
concentrations of NO at various equivalence ratios for both the computational and 
experimental cases are presented in Figure 4.2 along with the simulated concentrations of 
NO2 and N2. For the simulated cases, it can be observed that with the increasing 
equivalence ratio, the outlet NO concentration decreased from 1679 ppmv to 1581 ppmv. 
In addition to this, NO2 concentration went down from 14 ppmv to 8 ppmv, and the N2 
concentration increases from 152 ppmv to 205 ppmv with increasing φ.  This increase in 
the reduction of NO to N2, along with the decrease in NO2, can be explained by the 
higher availability of hydrocarbon fragments in the richer mixture, which facilitates the 





Figure 4.2 Comparison between the experimental and 
simulated concentrations of NO, NO2 and N2 for 
various equivalence ratios at O2 = 32.5% and NO = 
2000 ppmv in reactor 
 
 Experimental data exhibits no significant change in the outlet NO concentration 
with changing φ. The NO concentration slightly decreases when φ is increased from 0.8 
to 0.9 and slightly increases going from 0.9 and 0.98. An average of 1347 ppmv of NO 
was obtained for all the equivalence ratios investigated with the concentration ranging 
from 1319 to 1374 ppmv. Since the change in concentration is not significant, it could be 
due to experimental error and it is hard to depict a trend. Kinetic simulations predicted 
the reduction in NO to be increasing from 16% to 21% with increasing φ from 0.8 to 
0.98; while the experimentally observed reduction was much higher and was 33% on 
average. 
 4.2.1.2. Effect of NO concentration 
 Similar discrepancies were observed while investigating the influence of NO 
concentration in the system. Different concentrations of NO (500 ppmv-2000 ppmv in the 
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reactor) were introduced into the system while φ and O2 concentration were maintained at 
0.85 and 32.5%, respectively. As observed in Figure 4.3, both the simulated and 
experimentally measured outlet NO concentrations increase when the inlet NO 
concentration varies from 500 ppmv to 2000 ppmv. For the simulated case, the NO 
reduction increased from 8% to 17% as the NO concentration in the reactor increased, 
which can be due to the increased availability of N radicals at higher NO concentrations 
facilitating the interaction with fuel fragments to cause higher reduction. Experimentally, 
as the inlet NO concentration increased from 500 ppm to 2000 ppmv, the outlet NO 
concentration ranged from 341 ppmv to 1325 ppmv with a variability of 0.17%-5.38% 
from experiment to experiment.  
 
 
Figure 4.3 Comparison between experimental and 
simulated concentrations of NO, NO2 and N2 for 
various NO concentrations at φ = 0.86 and O2 = 32.5% 
 
But the increase in the conversion of NO to N2 with increasing inlet NO concentration 
observed in simulated cases was absent experimentally, and the experimental conversion 
for NO reduction remained on average at 34%, which is again higher than the simulated 
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cases. Figure 4.3 also demonstrates that the amount of N2 and NO2 generated increased 
with increasing inlet NO concentration for the simulated cases, but no NO2 was observed 
experimentally while N2 was not monitored.  
4.2.1.3. Effect of O2 concentration 
 In addition, experiments were performed to evaluate the effect of O2 
concentration on NO reduction and the collected data is demonstrated in Figure 4.4. 
 
 
Figure 4.4 Comparison between experimental and 
simulated concentrations of NO, NO2 and N2 for 
various inlet O2 concentrations at φ = 0.86 and NO = 
2000 ppmv in reactor 
 
For the simulated cases, the percentage of O2 in the oxidizer exhibits negligible impact on 
outlet NO concentration. A very slight increase of outlet NO (by 3 ppmv) and NO2 (by 2 
ppmv) concentrations occurred with the increasing O2 concentration while N2 went down 
by 2 ppmv. A decreasing trend in NO reduction was observed experimentally when the 
inlet O2 concentration was increased from 28% to 32.5%, which can be attributed to the 
increase in O radicals causing the N radicals to form more NO than N2, thus result in a 
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decrease in the amount of NO reduction, hence more NO. However, for 34% O2 
concentration, a deviation from this decreasing trend was observed and it can be due to 
experimental error. Moreover, the reduction in the recycled NO concentration observed 
experimentally was again higher than the predicted reduction and it is 32% on average 
compared to 17% predicted by the simulation. Overall, when compared with kinetic 
modeling results, the discrepancies observed in the extent of NO reduction for all the 
experimental cases can be due to underestimation of NO to N2 conversion by the kinetic 
mechanism and the presented data indicates room for more improvement to the existing 
mechanisms. 
4.2.1.4. Sensitivity Analysis 
 Sensitivity analysis was performed using CHEMKIN-PRO to understand the 
reaction pathways facilitating the formation of N2 from recycled NO to shed light on the 
NO reduction process. The reactions dominating the formation of N2 are listed below in 
their decreasing order of influence.  
O + OH  O2 + H     R(14)           
CH3 + CH3 (+M)  C2H6 (+M)   R(15)           
CH3 + O2  CH3O + O    R(16)           
CH3 + O2  CH2O + OH    R(17)            
CH3 + HO2  CH3O + OH    R(18)                       
NO + HO2   NO2 + OH    R(9)                   
CH2O + O2  HCO + HO2    R(19)          
HCO + M   H + CO + M    R(20)        
CH2O + CH3  HCO + CH4   R(21)         
68 
 
C2H4 + O2  CH2HCO + OH   R(22)                     
HCO + O2    HO2 + CO    R(23)                        
CH4 + OH  CH3 + H2O    R(24)                               
C2H4 + O  CH2HCO + H    R(25)                                   
CH3 + NO  HCN + H2O    R(26)                                       
H + O2(+M)  HO2(+M)    R(27)           
CH4 + H  CH3 + H2     R(28)    
Based on the sensitivity analysis, formation of O and OH radicals from the reverse 
reaction of R(14) had a positive influence on N2 formation in an oxy-combustion system. 
As the oxidation of fuel and subsequent formation of hydrocarbon fragments that are 
required to generate N2 from recycled NO were facilitated by the availability of O and 
OH radicals, positive influence from this reverse reaction was observed. Formation of 
C2H6 through reaction R(15) demonstrated a negative effect on N2 generation, which can 
be explained by the subsequent consumption of radicals by C2H6, which play a role while 
producing N2. Positive influence was exhibited by reactions R(16) - R(20), R(22), and 
R(25) - R(26). The hydrocarbon fragments CH3O and CH2O formed through reactions 
R(16) - R(18) eventually formed the HCO radical. The HCO radical can either form CO 
and contribute to formation of N2 through reaction R(4) or form NCO radical through 
intermediate HNCO, which will feed to the NH radical pool and contribute to N2 
generation through subsequent reactions. But the ROP analysis revealed that the 
contribution of HCO to the NH radical pool is not significant and most of the HCO forms 
CO through a network of reactions. Since the formation of HCO and CO is beneficial for 
N2 generation, positive influence was observed from R(19) and R(20). CH2CHO radical 
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produced by the reaction channels R(22) and R(25) later broke down into CH3, CH2O and 
HCO radicals and thus demonstrated a positive influence on N2 formation. Since R(26) 
produces HCN, which is an important intermediate for N2 formation, positive influence 
from this reaction was observed. Negative sensitivity coefficients were obtained for 
reactions R(9), R(21), R(23), R(24), R(27) and R(28). The negative influence from 
reaction R(9) can be explained by the consumption of NO to form NO2 instead of 
facilitating the generation of N2. Through reaction R(21), HCO radical was formed, 
which is beneficial for the breakdown of NO to N2, but this route consumed two 
hydrocarbon radicals and formed CH4, which is a stable product. As a result, an overall 
negative influence on N2 generation from NO was observed from this reaction. Through 
reaction R(24), even though a CH3 radical was formed, consumption of the OH radical 
and formation of a relatively stable product, H2O, also occurred, which caused reaction 
R(24) to exhibit negative influence on the destruction of recycled NO to form N2. 
Similarly, generation of relatively stable HO2 radicals by consuming H and O2 through 
reaction R(27) and its subsequent contribution to forming NO2 from NO through reaction 
R(9) can explain the negative impact of reaction R(27) on N2 formation. Also, from the 
sensitivity analysis, negative impact of reaction R(28) was observed and it can be 
attributed to the formation of stable H2 from radical H. 
4.2.2. Interaction Between NOx - SOx Species                                                          
 As it was shown previously [110], SO3 formation is influenced by the presence of 
NO and the direct interaction between NOx and SOx species needs to be investigated. 
Since the performed SO3 measurements using the salt method was biased by the presence 
of NO, no clear trend was obtained in terms of the effect of NO on SO3 formation 
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experimentally, although the kinetic simulations clearly showed an influence. In this 
study, FTIR spectroscopy was employed to measure SO3.  
 Before studying the effect of NO, SO3 measurements were conducted first to 
benchmark the FTIR technique. Temporal profile of SO3, presented in Figure 4.5, was 
collected for φ = 0.86, 32.5% O2 in the oxidizer stream and 2500 ppmv SO2 in the reactor 
through simultaneous sampling by FTIR from different temperature points. As seen from 
Figure 4.5, with the decline in temperature from 1016K to 596K, the evolved SO3 
concentration increased from 32 ppmv to 95 ppmv, which can be attributed to the 
formation through secondary routes.  
 
Figure 4.5 Comparison between experimental 
(FTIR and salt method) and simulated SO3 
temporal profile at φ = 0.86, O2 = 32.5% and 
SO2 = 2500 ppmv in reactor 
 
The Alzueta model predicted the SO3 profile to remain constant after 1050K, but 
experimentally significant formation was observed till 600K. A similar trend was 
observed in the previous study [110] by the authors where the concentration of SO3 was 
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underestimated at lower temperatures by the kinetic mechanism comparing to 
experimental data obtained using the salt method. The experiment was repeated in this 
study to collect the temporal profile of SO3 using the FTIR spectrometer to validate that it 
is a viable tool to measure SO3. The data obtained by the FTIR technique showed good 
agreement with the salt method data points presented in Figure 4.5.  
 Figure 4.6 illustrates how the SO3 concentration changes in presence of NO. 
These experiments were conducted for φ = 0.86, reactor SO2 concentration = 2500 ppmv 
and inlet O2 concentration in oxidizer = 32.5% while changing the NO concentration 
from 200 ppmv to 1500 ppmv in the reactor.  
 
Figure 4.6 Comparison between experimental 
and simulated concentrations of SO3+H2SO4 for 
various NO concentrations at φ = 0.86, O2 = 
32.5% and   SO2 = 2500 ppmv in reactor 
 
As it can be observed from the plot, in absence of NO, 83 ppmv SO3 was present at the 
reactor outlet and with the introduction of NO, the SO3 concentration started to decline. It 
should be noted that the error bars become larger as the concentration of NO introduced 
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into the system increases. Although a clear trend was not observed for high NO 
concentrations, there is a decrease when 200 ppmv of NO was introduced comparing ti 
the cases where NO is absent. This slight decreasing trend is contrary to the predicted 
trend by the simulations with different reaction sets, Alzueta + Leeds (S/N/C), Alzueta + 
Wendt and Alzueta + Wendt + Leeds (S/N/C), where the SO3 concentration increases 
when NO was introduced. The Alzueta reaction mechanism alone exhibited a small 
decrease in SO3 concentration at higher NO concentrations; however, it initially increased 
when NO was added comparing to the case when NO was absent. The slight decrease 
observed by the experimental results can be explained by the fact that introduction of NO 
into the system leads to the consumption of O and OH radicals and this was previously 
observed by earlier experiments conducted under air combustion conditions [50]. 
 4.3. Conclusions          
    In this section of the dissertation, the speciation of NOx, SOx and the direct 
interaction between these species in oxy-combustion environment were explored 
experimentally and by conducting accompanying kinetic simulations. Kinetic simulations 
revealed the increasing equivalence ratio to facilitate N2 formation from NO due to 
higher availability of fuel fragments.  The reduction of NO was also found to be higher 
with increasing inlet NO concentrations due to higher availability of N radicals available 
to react with hydrocarbon fragments. On the other hand, no effect of increasing O2 
concentration on NO to N2 conversion was predicted by the computational analysis. 
Sensitivity analysis revealed the light hydrocarbon fragments such as CH3, CH2O and 
HCO to be influencing the conversion of NO to N2. Experimentally collected temporal 
profile of NO demonstrated the NO concentration to be constant in the temperature 
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region of 1050K - 598K and this trend was in line with the predictions from the 
simulation. But the experimental reduction in inlet NO concentration was much higher 
(on average of 30%) than the predicted reduction. As no NO2 or N2O was experimentally 
observed, it can be concluded that the reduction of NO occurred due to its conversion to 
N2.  
 Trends were observed to be comparable for the experimental and simulated SO3 
emissions under different combustion conditions. The temporal profile, collected 
simultaneously from the temperature range 1050K - 596K using the FTIR spectrometer, 
revealed significant SO3 formation at lower temperatures and thus assured the secondary 
routes to be active at lower temperatures; a conclusion also drawn in Chapter 3 while 
using the salt method. In addition, investigation into the direct SOx and NOx interaction 
by applying FTIR spectroscopy revealed a slight suppression of the SO2 to SO3 
conversion in presence of NO. 
 The collected data demonstrate that the available combustion mechanisms may 
require some improvements to be able to predict the higher conversions of NO to N2, SO2 
to SO3 and, to estimate the interaction between NOx and SOx species under realistic oxy-





A COMPREHENSIVE KINETIC SIMULATION STUDY TO 
UNDERSTAND THE CHEMISTRY OF POLLUTANTS IN GAS-PHASE 
OXY-COMBUSTION3 
5.1. Introduction 
 As mentioned previously, coal power plants are the biggest source Hg emissions. 
In order to reduce the emissions from power plants, understanding the behavior of Hg 
constituents is crucial. Usually Hg levels in a system is low enough [54] that it cannot 
influence the chemistry of other species. But the speciation of Hg is largely dependent on 
the Cl chemistry. As discussed previously, Hg oxidation in a system can occur through 
the reactions R(1)-R(3) [54]. 
 Hg0 + Cl + M  HgCl + M   R(1) 
 Hg0 + HOCl  HgCl +OH   R(2) 
 HgCl + Cl2  HgCl2 + Cl   R(3) 
The extent of this oxidation is dependent on available Cl radical pool, quench rate, 
residence time, flue gas composition and temperature [57, 58]. In addition, presence of 
                                                 
3 N.N. Choudhury, B. Padak, To Be Submitted to AIChE Journal, 2017 
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other species such as SO2, can impact the oxidation rate as it perturbs the radical pool by 
consuming  O and OH radicals through reactions R(4) and R(5) [71]. 
 SO2 + O + M  SO3 + M   R(4) 
 SO2 + OH  SO3 + H   R(5) 
On the other hand, NO was reported to have no impact on Hg oxidation in presence of 
HCl up to 300 ppmv [64]. To articulate a better picture of Hg oxidation in oxy-
combustion environment and to reveal the influence of other flue gas constituents, a 
concise simulation study was conducted in the course of this research project. Current 
chapter discusses the results of these simulation cases and provides the description of the 
reaction network of interest to the readers. The collected data from this project can be 
utilized to predict the realistic Hg speciation in a power plant operating under the oxy-
mode and it can be useful to for the future evaluations of existing reaction sets. 
5.2. Results and Discussions 
5.2.1. Hg Oxidation in Oxy-combustion and Air-combustion 
 Figure 5.1 illustrates the extent of Hg oxidation for all the employed mechanisms 
in presence of Cl in oxy-combustion environment. All these cases were simulated for 
equivalence ratio (φ) of 0.98, 3 ppbv of Hg concentration in the reactor and Cl 
concentration of 500 ppmv in the reactor.  The Hg oxidation is observed to increase with 
increasing Cl concentration and it was 14.5% maximum; predicted by the GWB 
mechanism in presence of 500 ppmv Cl. Figure 5.1 also demonstrates that the AWB and 
AWR mechanisms predicted lower extents of Hg oxidation compared to the GWB and 
GWR. The GRI-Niksa mechanism predicted zero oxidation for oxy-combustion cases. 
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But it exhibited an interesting trend when oxy-combustion cases were simulated for 
varied equivalence ratios. The obtained results are presented in Figure 5.2. For φ = 0.8, 
the GRI-Niksa reaction set predicted about 40% Hg oxidation. The oxidation percentage 
went down significantly when the φ was increased to 0.85. The value kept on decreasing 
with the increasing φ and it was almost zero for φ = 0.98. Based on this unique trend, 
other reaction mechanisms were also tested for varied φ and no significant change was 
observed.   
 
In the rest of the dissertation, detailed explanation is provided for the cases 
involving the Bozzelli Cl reaction set as the overall trends were similar for both the 
Bozzelli Cl reaction set and the Roesler Cl reaction set. Moreover, the unique trend 
exhibited by the GRI-Niksa reaction set will be briefly discussed.  
  
Figure 5.1 Simulated percentage of Hg 
oxidation in oxy-combustion environment 
for φ = 0.98, O2 concentration in the 
oxidizer = 32.5% and Hg concentration in 
the reactor = 3 ppbv 
Figure 5.2 Simulated percentage of Hg 
oxidation in oxy-combustion environment 
for the GRI-Niksa at varied φ for O2 
concentration in the oxidizer = 32.5% and 
Hg concentration in the reactor = 3 ppbv 
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 In the combustion system, chlorine species could exist in the form of Cl radicals, 
HCl and Cl2. As Cl was introduced in the PFR, most of it converted to HCl rapidly with 
some formation of Cl2. In Figure 5.3 and Figure 5.4, the profiles of chlorine species for 
the AWB and GWB mechanisms are presented at φ = 0.98. On the other hand, Figure 5.5 
and 5.6 represent the Cl speciation profiles for the GRI-Niksa mechanism. From the 
figures, it can be observed that the predicted conversion of Cl radicals to HCl occurred 
rapidly for the AWB mechanism (0.01 s) and the GRI-Niksa mechanism (0.008s) 
compared to the GWB (0.2 s). This shows a significant impact of the hydrocarbon 
oxidation sets on the chlorine chemistry.  
 
Figure 5.3 Simulated Cl, HCl and Cl2 profiles for the 
AWB and the GWB mechanisms in oxy-combustion 
environment for φ = 0.98, O2 concentration in the 
oxidizer = 32.5%, Hg concentration in the reactor = 3 
ppbv and Cl concentration in the reactor = 500 ppmv 
 
For the AWB mechanism, a network of several reactions controlled the chlorine 
speciation in the combustion system. At the beginning section of the PFR, in presence of 
OH radicals, Cl radicals were consumed to form HCl through reaction R(-6). 
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 O + HCl  OH + Cl   R(6) 
 
Figure 5.4 Selected segment of the 
simulated Cl and HCl profiles for the AWB 
and the GWB mechanisms in oxy-
combustion environment for φ = 0.98, O2 
concentration in the oxidizer = 32.5%, Hg 
concentration in the reactor = 3 ppbv and Cl 
concentration in the reactor = 500 ppmv 
 
The reaction R(6) later occurred in forward direction causing consumption of HCl to 
form Cl radicals. The reaction R(-7), on the other hand, generated Cl radicals at the 
beginning section of the reactor, but later occurred in forward direction causing Cl radical 
consumption. 
 Cl + H2  HCl + H   R(7) 
Consumption of Cl radicals also occurred through reactions R(8) and R(9). 
 CH4 + Cl  HCl + CH3  R(8) 





Figure 5.5 Simulated Cl, HCl and Cl2 profiles for the GRI-
Niksa mechanism in oxy-combustion environment for φ = 
0.98 and 0.8, O2 concentration in the oxidizer = 32.5%, Hg 
concentration in the reactor = 3 ppbv and Cl concentration 












Figure 5.6 Selected segment of the simulated Cl 
and HCl profiles for the GRI-Niksa mechanism in 
oxy-combustion environment for φ = 0.98 and 0.8, 
O2 concentration in the oxidizer = 32.5%, Hg 
concentration in the reactor = 3 ppbv and Cl 
concentration in the reactor = 500 ppmv 
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Aside from the formation-consumption cycle of reactions R(6) and R(7), most of the Cl 
radicals were generated from the reaction R(-10). 
 OH + HCl  H2O + Cl  R(10) 
 From the sensitivity analysis of the AWB mechanism for Cl radicals, following 
reactions were found to be influential, and these are presented in Figure 5.7 with the 
sensitivity coefficients. 
 H + O2 + M  HO2 + M  R(11) 
 O + OH  O2 + H   R(12) 
 H + HO2  2OH   R(13) 
 OH + H2  H2O + H   R(14) 
 Cl + H2  HCl + H   R(7) 
 OH + HCl  H2O + Cl  R(10) 
 H + HO2  H2 + O2   R(15) 
 CO + OH  CO2 + H  R(16) 
 OH + HO2  H2O + O2  R(17) 
 2OH  O + H2O   R(18) 
The highest degree of influence was exhibited by reaction R(11). Due to the consumption 
of H and O2, and formation of relatively stable HO2, the reaction imposes a negative 





Figure 5.7 Sensitivity analysis for Cl (AWB 
mechanism) in oxy-combustion environment φ = 
0.98, O2 concentration in the oxidizer = 32.5%, Hg 
concentration in the reactor = 3 ppbv and Cl 
concentration in the reactor = 500 ppmv 
 
Positive influence was exhibited by reactions R(12)-R(14), R(7), R(10) and R(16). 
Negative sensitivity coefficients were obtained for reactions R(15) and R(17)-R(18). 
These influences can be easily explained from the perspective of O/OH radical pool. 
Initially reaction R(12) occurs in reverse direction forming O and OH radicals, and thus 
positive influence was observed. Later, the reaction exhibited negative influence due to 
the consumption of O and OH radicals in forward direction. Similarly, positive sensitivity 
coefficients were observed from reactions R(13) and R(-14) due to the formation of O 
and OH radicals, necessary for sustaining the Cl radical pool. From reaction R(-7) and 
R(10), Cl radicals were generated. So, positive influence was exhibited by these 
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reactions. Negative coefficients were obtained from reactions R(17) and R(18) due to the 
consumption of O and OH radicals. 
 For the GWB mechanism, a different set of reactions; presented in Figure 5.8 with 
the sensitivity coefficients, were found to influence the Cl radical pool of the system.  
 Cl + H2  HCl + H   R(7) 
 OH + H2  H2O + H   R(14) 
 H + H + H2O  H2 + H2O  R(19) 
 O + H2  H + OH   R(20) 
 OH + H + M  H2O + M  R(21) 
 H + O2  O + OH   R(-12) 
 Cl + Cl + M  Cl2 + M  R(22) 
 H2 + M  H + H + M  R(23) 
For the GWB mechanism, reaction R(7) had the most significant influence on Cl radical 
pool, and it negatively impacted Cl radical pool due to Cl radical consumption. Positive 
influence was exhibited by the reactions R(20) and R(-12). Due to the consumption of 
OH and H radicals, reactions R(14), R(19) and R(21) exhibited negative influence. 
Reaction R(22) affected the Cl radical pool negatively due to the direct consumption of 
Cl radicals, forming Cl2. The ROP analysis for Cl2 in the GWB mechanism indicated 
reaction R(22) to produce Cl2 while reaction R(24) contributed to its consumption. 
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 O + Cl2  ClO + Cl   R(24) 
 
 
 Figure 5.8 Sensitivity analysis for Cl (GWB 
mechanism) in oxy-combustion environment φ = 
0.98, O2 concentration in the oxidizer = 32.5%, Hg 
concentration in the reactor = 3 ppbv and Cl 
concentration in the reactor = 500 ppmv 
 
For the AWB reaction set, the formation of Cl2 through reaction R(22) was rather 
insignificant compared to the GWB mechanism, and the dissociation occurred almost 
immediately through R(24). As a result, the evolved Cl2 amount was lower for AWB 
mechanism compared to GWB. 
 For the GRI-Niksa reaction set, the speciation of Cl radicals was found to be 
sensitive to following reactions at φ = 0.98. 
 HCl + OH  H2O + Cl  R(10) 
 H + H + H2O  H2 + H2O  R(19) 
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 HCl + H  H2 + Cl   R(7)   
 H + O2  O + OH   R(-12) 
 HCl + O  OH + Cl   R(6) 
 HCl + H  H2 + Cl   R(7) 
 H + O2 + M  HO2 + M  R(11) 
 OH + H2  H2O + H   R(14) 
 H + Cl + M  HCl + M  R(25) 
 H + O + M  OH + M  R(26)  
 HO2 + H  OH + OH  R(27) 
 OH + H + M  H2O + M  R(21) 
The sensitivity coefficients for these reactions are presented in Figure 5.9. Positive 
influence was observed from reactions R(-12), R(6), R(7) and R(27). All the other 
reactions exhibited negative influence on Cl radicals. Through the analysis, R(10) was 
found to be most influential reaction and the reaction exhibited negative impact due to the 
consumption of Cl radicals in reverse direction. Generation of O, OH and Cl radicals 
resulted to the exhibition of positive impact from reactions R(-12), R(6), R(7) and R(27). 
Due to the consumption of H radicals, reaction R(19) and and R(11) had negative impact. 
Consumption of Cl radicals through reactions R(7) in reverse direction and R(25),  
caused these reactions to exhibit negative influence. Negative coefficients were observed 




 Figure 5.9 Sensitivity analysis for Cl (GRI-
Niksa mechanism) in oxy-combustion 
environment φ = 0.98, O2 concentration in the 
oxidizer = 32.5%, Hg concentration in the 
reactor = 3 ppbv and Cl concentration in the 
reactor = 500 ppmv 
 
For φ = 0.8, following reactions were found to be influencing the Cl radical pool and the 
coefficients are plotted in Figure 5.10. 
 H + O2  O + OH   R(-12) 
 HCl + OH  H2O + Cl  R(10) 
 H + O2 + M  HO2 + M  R(11) 
 H + H + H2O  H2 + H2O  R(19) 
 OH + H + M  H2O + M  R(21) 
 HO2 + H  OH + OH  R(27) 
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 HCl + H  H2 + Cl   R(7) 
 OH + HO2  H2O + O2  R(17) 
 HCl + O  OH + Cl   R(6) 
 H + O + M  OH + M  R(26) 
 H + O2  O + OH   R(-12) 
 HCl + O  OH + Cl   R(6) 
 H + Cl + M  HCl + M  R(25) 
 HCl + H  H2 + Cl   R(7) 
 OH + H2  H2O + H    R(14) 
 Cl + Cl + M  Cl2 + M  R(22) 
The most influential reaction was reaction R(-12) and the impact was positive due to the 
formation of OH radicals. Positive coefficient was also obtained from reactions R(27), 
R(7) and R(6) due to the formation of generation of OH and Cl radicals. Negative 
influence was observed from all other reactions. Consumption of Cl radicals through 
reverse reaction route R(10) and through reactions R(25) and R(22) caused these 
reactions to exhibit negative impact. Both OH and Cl radicals were consumed by reverse 
route of reaction R(6). So, negative influence was observed from this reaction. 
Consumption of OH radicals through reactions R(21), R(17), R(26), R(-12) and R(14) 




Figure 5.10 Sensitivity analysis for Cl (GRI-
Niksa mechanism) in oxy-combustion 
environment φ = 0.8, O2 concentration in the 
oxidizer = 32.5%, Hg concentration in the 
reactor = 3 ppbv and Cl concentration in the 
reactor = 500 ppmv 
 
As observed from the sensitivity analyses conducted on φ = 0.8 and φ = 0.98 cases, it can 
be concluded that for a fuel-lean case the dependency of the Cl radical pool shifts 
towards the O and OH radicals producing reactions. This effect was somewhat expected 
as these radicals play important roles in sustaining Cl pool.  
 As for Hg speciation, the AWB mechanism predicted Hg consumption to occur 
through reaction R(1) at the beginning section of the reactor (at 1092K) to a low extent, 
forming HgCl. The GWB mechanism, on the other hand, exhibited Hg consumption 
through reaction R(1) for a wider region (1100K-1200K) at the  beginning of the reactor, 
and the consumption was faster compared to the AWB. Moreover, the GWB mechanism 
exhibited Hg oxidation to some degree throughout the reactor. The main formation route 
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of HgCl2 from HgCl was found to be reaction R(3) in the quenching section of the reactor 
below 1000K. The concentration profiles predicted by all the mechanisms are presented 
in Figure 5.11. 
 
Figure 5.11 Simulated HgCl2 profiles in oxy-
combustion environment for φ = 0.98 and 0.8, O2 
concentration in the oxidizer = 32.5%, Hg 
concentration in the reactor = 3 ppbv and Cl 
concentration in the reactor = 500 ppmv 
 
Cl2 was found to be the most important species for Hg oxidation to HgCl2 in oxy-
combustion cases through sensitivity analysis of the mechanisms. Due to the 
unavailability of Cl2 in the reactor based on the previous discussion, limited Hg oxidation 
was observed for the AWB mechanism.  
Reactions R(28) and R(29) also contributed to HgCl2 formation from HgCl to a lesser 
extent through the consumption of Cl and HOCl radicals, respectively.  
 HgCl + Cl + M  HgCl2 + M R(28)  
 HgCl + HOCl  HgCl2 + OH R(29) 
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At 1100K in presence of H radicals, consumption of HgCl2 was observed through 
reaction R(30). 
 HgCl2 + H  HgCl + HCl  R(30) 
For the GRI-Niksa mechanism, Hg oxidation mainly occurred through reaction R(28) in 
both φ = 0.8 and φ =0.98 cases. But for φ = 0.8, significant oxidation occurred through 
reaction R(3) and R(29) in the cooling region of the reactor. The Cl2 formation through 
reaction R(22) occurred at a higher rate at the fuel-lean environment due to the presence 
of Cl radicals and it is evident from the Cl2 profiles presented in Figure 5.5 . Due to the 
higher availability of O and OH radicals in relatively system and due to the increased 
formation of Cl2, significant oxidation occurred at φ = 0.8. 
 In Figure 5.12, the oxidation percentages of mercury in air combustion 
environment are presented for the mechanisms. 
 
Figure 5.12 Simulated percentage of Hg 
oxidation in air-combustion environment for 
φ = 0.98, O2 concentration in the oxidizer = 





The chlorine speciation profiles are illustrated in Figures 5.13 - 5.16. The simulation 
results indicate that the oxidation of Hg is sensitive to the switch from air to oxy-
combustion mode. For air combustion environment, the maximum oxidation was 15.8%, 
predicted by the GWB mechanism, and it was higher compared to the oxy-combustion 
environment. Zero oxidation was predicted by the AWB, the AWR and the GRI-Niksa 
mechanisms. For the AWB mechanism, in the air-combustion environment, the oxidation 
of HgCl to form HgCl2 was predicted to occur through reaction R(28) for a very short 
period of time at a slower pace, at the beginning of the combustion process. Moreover, 
competitive dissociation occurred through reaction R(30).  
 
Figure 5. 13 Simulated Cl, HCl and Cl2 profiles for 
the AWB and the GWB mechanisms in air-
combustion environment for φ = 0.98, O2 
concentration in the oxidizer = 32.5%, Hg 
concentration in the reactor = 3 ppbv and Cl 




Reaction R(1) did not produce any HgCl2 as the levels of Cl2 was significantly lower for 
this mechanism. From the sensitivity analysis, reaction R(31) was observed to negatively 
impact the Cl2 production in presence of N2 in the system.  
 HONO + Cl  HCl + NO2  R(31) 
These factors played role in the prediction of low HgCl2 formation in air-combustion 
system by the AWB. On the other hand, for the GWB mechanism, the oxidation of Hg 
occurred largely through reaction R(1), and the rate of production was comparable to the 
rate in oxy-combustion environment. But the dissociation of the generated HgCl2 through 
reaction R(30) was slower in air-combustion environment.  
 
 
Figure 5.14 Selected segment of simulated 
Cl, HCl and Cl2 profiles for the AWB and 
the GWB mechanisms in air-combustion 
environment for φ = 0.98, O2 concentration 
in the oxidizer = 32.5%, Hg concentration in 
the reactor = 3 ppbv and Cl concentration in 




Moreover, the conversion of Cl radicals to HCl was slower (0.4 s), as illustrated in Figure 
5.14, compared to the AWB mechanism in air-combustion environment (0.05s). Thus, 
more Cl radicals were present in the system for Hg oxidation to occur and form HgCl2. 
These factors contributed to the higher oxidation value in the GWB mechanism for air-
combustion environment. Similar explanations can be applied while considering the 
predictions for the AWR and the GWR mechanisms.  
Also for the air combustion cases, the GRI-Niksa mechanism exhibited the dependency 
of Hg oxidation on equivalence ratio as presented in Figure 5.3. The Cl2 formation was 
again significantly higher for φ = 0.8 as observed in Figure 5.15 and Figure 5.16. To 
confirm that this was the result of the changes in OH radical pool, sensitivity analysis was 
conducted. The results are presented in Figure 5.17 and Figure 5.18. It can be observed 
that with the switch in φ, the dominating reaction network dictating the Cl radical pool 
changed. This proves that for the leaner conditions, the presence of OH radical pool 
facilitates the existence of free Cl radical pool. As a result, the oxidation of Hg was 
enhanced while the absence of adequate OH radicals hinders the Hg oxidation for 




Figure 5.15 Simulated Cl, HCl and Cl2 profiles for the 
GRI-Niksa mechanisms in air-combustion environment 
for φ = 0.98 and 0.8, O2 concentration in the oxidizer = 
32.5%, Hg concentration in the reactor = 3 ppbv and Cl 





Figure 5.16 Selected segment of the simulated 
Cl and HCl profiles for the GRI-Niksa 
mechanism in air-combustion environment for 
φ = 0.98 and 0.8, O2 concentration in the 
oxidizer = 32.5%, Hg concentration in the 
reactor = 3 ppbv and Cl concentration in the 





Figure 5.17 Sensitivity analysis for Cl 
(GRI-Niksa mechanism) in air-
combustion environment φ = 0.98, O2 
concentration in the oxidizer = 32.5%, Hg 
concentration in the reactor = 3 ppbv and 
Cl concentration in the reactor = 500 
ppmv 
Figure 5.18 Sensitivity analysis for Cl 
(GRI-Niksa mechanism) in qir-
combustion environment φ = 0.8, O2 
concentration in the oxidizer = 32.5%, Hg 
concentration in the reactor = 3 ppbv and 
Cl concentration in the reactor = 500 
ppmv 
 
To evaluate the performance of these models, cases were conducted to simulate the 
experiments performed by Preciado et al.[66]. This dataset was chosen as the conducted 
experiments were more comparable with the realistic boiler condition. The comparison 
between the experimental dataset and kinetic simulation are presented in Figure 5.19 and 
5.20. For oxy and for air-combustion cases, the closest match to the experimental data set 
was the GWB mechanism. The GRI-Niksa mechanism exhibited zero oxidation for the 
oxy-combustion cases while approximately higher level of oxidation (about 60%) was 
predicted for all the air cases. The AWB mechanism predicted negligible oxidation for 




Figure 5.19 Comparison between the 
simulated and experimental [66] 
percentage of Hg oxidation in oxy-
combustion environment for φ = 0.909, O2 
concentration in the oxidizer = 27% and 
Hg concentration in the reactor = 3 ppbv 
Figure 5.20 Comparison between the 
simulated and experimental [66] 
percentage of Hg oxidation in air-
combustion environment for φ = 0.909, O2 
concentration in the oxidizer = 27% and 
Hg concentration in the reactor = 3 ppbv 
 
5.2.2. Influence of SO2 on Hg Oxidation in Oxy-combustion 
In order to explore the influence of SO2 on Hg oxidation and Cl radical pool, various 
concentrations (1000-3200 ppmv) of SO2 were introduced while maintaining the Hg 
input and Cl concentration in the reactor at 3 ppbv and 500 ppmv respectively. The 
chlorine species profiles for the AWB and the GWB mechanisms are presented in Figure 
5.21 and in Figure 5.22.  
 For all the input SO2 values, zero levels of Hg oxidation were predicted by the 
mechanisms employed. In presence of SO2, consumption of Cl occurred rapidly at the 
beginning of the reactor and the main consumption route was reaction R(7). In addition to 




 HO2 + Cl  HCl +O2   R(32) 
 HO2 + Cl  ClO + OH  R(33) 
 
The recycle and the subsequent feed into the Cl radical pool through reaction R(6) in this 
system were insignificant. The unavailability of Cl radicals led to the lack of Cl2 required 
to oxidize Hg through reaction R(3). Moreover, the Hg oxidation to HgCl2 through 
reactions R(-28), R(3) was negligible. From the sensitivity analysis conducted on the 
GWB mechanism, following reactions involving SOx species were found to negatively 
affect the Cl radical pool due to radical consumption. For AWB mechanism, the Cl 
radical pool was influenced negatively by reactions R(34) and R(36) to a lesser extent. 
 H + SO2 + M  HOSO + M  R(34) 
  
Figure 5.21 Simulated Cl, HCl and Cl2 
profiles for the AWB and the GWB 
mechanisms in air-combustion environment 
for φ = 0.98, O2 concentration in the 
oxidizer = 32.5%, Hg concentration in the 
reactor = 3 ppbv, Cl concentration in the 
reactor = 500 ppmv and SO2 concentration 
in the reactor = 2500 ppmv 
Figure 5.22 Selected segment of 
simulated Cl, HCl and Cl2 profiles for the 
AWB and the GWB mechanisms in air-
combustion environment for φ = 0.98, O2 
concentration in the oxidizer = 32.5%, 
Hg concentration in the reactor = 3 ppbv, 
Cl concentration in the reactor = 500 
ppmv and SO2 concentration in the 
reactor = 2500 ppmv 
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 SO3 + H  SO2 + OH  R(5)   
 HOSO2 + O2  HO2 + SO3  R(35) 
 SO2 + O + M  SO3 + M  R(4) 
 SO + OH + M  HOSO + M R(36)  
Reactions R(4), R(5), R(35) and R(36) also affected the Cl2 production, which is 
important for Hg oxidation in the quenching zone.  
 In presence of Cl species, the oxidation of SO2 to SO3 was also found to be 
affected as illustrated in Figure 5.23. The suppression of SO3 formation was due to the 
lack of O/OH radical pool, which was shared by both Cl radicals and SOx species. In this 
case, formation of SO3 occurred through reactions R(4), R(37)-R(39) while reactions 
R(5) and R(-37) acted as consumption routes. 
 HOSO2 + O2  HO2 + SO3  R(37) 
 HOSO2 + O  SO3 + OH  R(38) 
 HOSO2 + OH  SO3 + H2O  R(39) 
The primary formation route for SO3 occurred at the beginning of the PFR in the 
temperature region of 1100K-1350K, and slowed down significantly later, most likely 
due to the lack of O radicals. Reaction R(37) produced SO3 at the beginning but occurred 
later in the reverse direction due to the abundance of HO2 radicals and lack of OH/O 
radicals. Reactions R(38) and R(39) generated SO3 at 1100K, but the reactions slowed 




 Figure 5.23 Simulated SO3 profiles for the 
AWB mechanism in oxy-combustion 
environment for φ = 0.98, O2 concentration in 
the oxidizer = 32.5%, Hg concentration in the 
reactor = 3 ppbv, Cl concentration in the reactor 
= 500 ppmv, NO concentration in the reactor = 
1500 ppmv and SO2 concentration in the reactor 
= 2500 ppmv 
 
For the sensitivity analysis of SO3, following reactions were found to be dominating in 
case of the AWB mechanism, and the sensitivity coefficients are plotted in Figure 5.24. 
 H + O2 + M  HO2 + M  R(11) 
 O + OH  O2 + H   R(12) 
 SO2 + O + M  SO3 + M  R(4 
 SO3 + H  SO2 + OH  R(-5) 
 H + HO2  2OH   R(13) 
 2OH  O + H2O   R(18) 
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 OH + HO2  H2O + O2  R(17) 
 CO + OH  CO2 + H  R(16) 
 O + HO2  O2 + OH   R(40) 
 HOSO2 + O2  HO2 + SO3  R(37) 
 SO2 + OH + M  HOSO2 + M R(41) 
 O + H2  OH + H   R(-20) 
Reaction R(11) was the most dominating reaction for SO3 generation, and the impact of 
this reaction was negative due to the consumption of H and O2. Reaction R(-12) exhibited 
both positive and negative influence. Positive influence was observed due to the 
formation of O and OH radicals, valuable for SO3 formation reactions. This reaction, 
while occurring in forward direction, affected the SO3 generation negatively. Reaction 
R(4) is a direct SO3 generation reaction. Thus, positive influence was observed from this 
reaction. In addition to this, positive influence was observed from reactions R(13) and 
R(17) as R(13) generated OH radicals and R(17) caused dissociation of relatively stable 
HO2 radicals. Negative coefficients were obtained for reactions R(-5), R(16), R(18), R(-
20), R(-37), R(-40) and R(41). Reactions R(-5) and R(-37) dissociated SO3 and as a 
result, exhibited negative impact. Moreover, due to the OH radical consumption, 
reactions R(16), R(18), R(-20) ,R(-40) and R(41) negatively influenced SO3 generation. 
As illustrated in Figure 5.25, for the GWB the following set of reactions were found to 
dominate SO3 formation.  
 SO3 + H  SO2 + OH  R(-5) 
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 SO2 + O + M  SO3 + M  R(4) 
 H + O2  O + OH   R(-12) 
 H2O + O  OH + OH  R(42) 
 H + SO2 + M  HOSO + M  R(34) 
 OH + H2  H2O + H   R(14) 
 O + H2  H + OH   R(20) 
 SO + O2  SO2 + O   R(43) 
 SO + OH + M  HOSO + M R(36) 
 HOSO2 + O2  HO2 + SO3  R(37) 
 HOSO + O2  SO2 + HO2  R(44) 
 Reaction R(-5) was observed to influence SO3 formation to the highest degree, 
and the sensitivity coefficient was negative due to the consumption of SO3. In addition to 
this, positive influence was exhibited by reaction R(4), R(-12), R(37) and R(43) and 
negative sensitivity coefficients were obtained for reactions R(14), R(20), R(42), R(34) 
and R(44). Both positive and negative influence was observed from reaction R(36). 
Reactions R(4) and R(37) exhibited positive impact by forming SO3. Reactions R(-12) 
and R(43) positively influenced SO3 formation due to the generation of required radicals. 
Despite of producing two OH radicals, reaction R(42) had negative impact on SO3 
formation due to the consumption of important O radicals. This indicates that O radicals 
in this reaction network are more important for SO3 formation than OH radicals For 
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similar reasons, reaction R(20) exhibited negative impact. The negative impact of 
reaction R(34) can be explained by the consumption of H radical and SO2 to form HOSO, 
which would not contribute to SO3 generation. Negative coefficient was obtained for 
reaction R(44) due to its formation of relatively stable HO2 radical by consuming O2.  
  
Figure 5.24 Sensitivity analysis for SO3 
(AWB mechanism) in oxy-combustion 
environment φ = 0.98, O2 concentration in 
the oxidizer = 32.5%, Hg concentration in 
the reactor = 3 ppbv, Cl concentration in 
the reactor = 500 ppmv and SO2 
concentration in the reactor = 2500 ppmv 
Figure 5.25 Sensitivity analysis for SO3 
(GWB mechanism) in oxy-combustion 
environment φ = 0.98, O2 concentration in 
the oxidizer = 32.5%, Hg concentration in 
the reactor = 3 ppbv, Cl concentration in the 
reactor = 500 ppmv and SO2 concentration 
in the reactor = 2500 ppmv 
 
 To compare the performance of the mechanisms, the predictions were compared 
with the experimental dataset provided by Preciado et al. [66] in presence of SO2. The 
results are presented in Figure 5.26. As it can be observed, Experimental Hg oxidation 
value is higher than the predicted oxidation. Moreover, the mechanisms predicted 
significant suppression to the Hg oxidation in presence of SO2 while experimentally no 




Figure 5.26 Comparison between the 
simulated and experimental 
[66]percentage of Hg oxidation in oxy-
combustion environment in presence of 
SO2 for φ = 0.909, O2 concentration in the 
oxidizer = 27% ,Hg concentration in the 
reactor = 3 ppbv, Cl concentration in the 
reactor = 200 ppmv 
 
5.2.3 Influence of SO2 and NO on Hg Oxidation in Oxy-combustion  
 To investigate the influence of both NO and SO2 species on Hg oxidation, various 
concentrations of NO (500-1500 ppmv) were introduced into the reactor while 
maintaining the reactor Hg concentration at 3 ppbv, reactor SO2 concentration at 2500 
ppmv and reactor Cl concentration at 500 ppmv. It was observed that, in presence of both 
NO and SO2 in the system, Hg oxidation was again negligible, and Cl to HCl conversion 
was rapid with insignificant Cl2 formation, as illustrated in Figure 5.27 and Figure 5.28. It 
can be explained by the lack of available O/OH radicals necessary to sustain the Cl 
radical pool in presence of the SOx and NOx species in the system. For the AWB 
mechanism, Cl radical pool was found to be negatively influenced by reaction R(34) 
along with the following reactions R(45)-(47).  
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 NO2 + Cl  ClO + NO  R(45) 
 HNO + Cl  HCl + NO  R(46) 
 NOCl + O  NO + ClO  R(47) 
On the other hand for the GWB mechanism, reactions R(34) and R(36) along with 
reactions R(31) and R(48) exhibited negative impact on Cl radical pool in presence of 
SO2 and NO.  
 HONO + Cl  HCl+ NO2  R(31) 
 NO2 + H  NO + OH  R(48) 
The presence of NO in the system not only affected the Cl radical pool, but also 
influenced the SO3 generation. In presence of NO, an increase in the outlet SO3 
concentration was observed. This increase can be explained by the impact of NO on SO3 
through the radical pool.   
 NO + O + M  NO2 + M  R(49) 
 HONO + OH  NO2 + H2O  R(50) 
 NO2 + H  NO + OH  R(51) 




Figure 5.27 Simulated Cl, HCl and Cl2 
profiles for the AWB and the GWB 
mechanisms in oxy-combustion environment 
for φ = 0.98, O2 concentration in the oxidizer 
= 32.5%, Hg concentration in the reactor = 3 
ppbv, Cl concentration in the reactor = 500 
ppmv, SO2 concentration in the reactor = 
2500 ppmv and NO concentration = 1200 
ppmv 
Figure 5.28 Selected segment of 
simulated Cl, HCl and Cl2 profiles for the 
AWB and the GWB mechanisms in oxy-
combustion environment for φ = 0.98, O2 
concentration in the oxidizer = 32.5%, 
Hg concentration in the reactor = 3 ppbv, 
Cl concentration in the reactor = 500 
ppmv, SO2 concentration in the reactor = 
2500 ppmv and NO concentration = 1200 
ppmv 
 
Reactions R(49) and R(50) had negative impact on the SO3 generation through the 
consumption of OH radicals while reactions R(51) and R(52) had positive impact. Same 
set of reactions were found to be playing a role in SO3 formation, as discussed in Chapter 
3, and an overall enhancement in SO3 concentration was observed. 
5.3. Conclusions 
 In the present study, as an initial step to reveal Hg oxidation pathways in CO2-rich 
environment and to understand the interaction between the NOx, SOx and Cl species, a 
detailed kinetic simulation study was performed. The employed mechanisms predicted 
lower extents of Hg oxidation in oxy-combustion environment comparing to air-
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combustion. The change in combustion medium was observed to affect the radical pool 
significantly, resulting in the lack of free Cl radicals, necessary for Hg oxidation. The 
sensitivity analysis also exhibited the high dependency of Cl radicals on O/OH radicals. 
In addition, the AWB and the AWR mechanisms predicted significantly lower levels of 
Hg oxidation compared to the GWB and the GWR mechanisms in both oxy-combustion 
and air-combustion environments. The lower levels can be attributed to the rapid 
transformation of Cl radicals to HCl, with insignificant Cl2 formation. Due to the 
unavailability of free Cl radicals and Cl2, extensive suppression in Hg oxidation was 
observed for the AWB and the AWR mechanisms. This indicates a clear impact of 
employed hydrocarbon oxidation mechanism on Cl speciation and Hg oxidation. 
Moreover, the GRI-Niksa mechanism exhibited a unique dependency on equivalence 
ratio of the system for both the air and oxy-combustion environment. From the 
comparison with the available dataset [66], the GWB mechanism was found to be the 
most agreeable in absence of SO2 in the system. While SO2 was introduced into the 
combustion system, zero oxidation was predicated by all the employed mechanisms. The 
inclusion of SOx species resulted into fast diminishing of O/OH radicals; essential to 
sustain Cl radical pool, and thus affected the Hg oxidation adversely for all the employed 
mechanisms. But the experimental dataset [66], for a certain range of SO2, reported trend 
in contrary to the kinetic simulation. From kinetic simulation, it was also predicted that 
the lack of O/OH radicals can limit the oxidation of SO2 to SO3 in presence of Cl. Similar 
suppression in Hg oxidation was observed with the introduction of NO. But in presence 
of NO, the SO3 formation was found to be significantly enhanced, which is in line with 
authors’ previous study [110]. This detailed study indicates that to fully capture the 
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picture of combustion chemistry regarding Hg oxidation and speciation profiles, 
combustion species such as; Cl, SOx and NOx need to be present in the system. The 
research efforts will not be complete unless the effects of these species are considered at 
the same time as these species compete for the same radical pool and the presence of 
these species can be the key in determining the end concentrations of other pollutants. 
Moreover, this study indicates that based on the employed mechanism; the fate and the 
associated chemistry of the species can be quite different. To evaluate the performance of 
these mechanisms in oxy-combustion environment and to pinpoint the exact reaction 





SUMMARY AND FUTURE WORK 
 This comprehensive study contributes to the current state of knowledge by 
providing essential information regarding the sulfur, nitrogen and mercury chemistry in 
oxy-combustion environment. The study is unique in the sense that it investigates the 
pollutants’ chemistry under realistic combustion conditions and it takes the interaction 
between all the pollutants into account instead of considering any one component. The 
study provided useful information regarding the temporal profiles of NO and SO3 in oxy-
combustion environment and proved the influence of operating conditions on the final 
amounts. Moreover, the kinetic simulation cases conducted during the course of this 
project provided the opportunity of evaluating the existing combustion mechanisms in the 
literature and it revealed the needs for further improvement. The sensitivity and rate of 
production analysis enhanced the understanding of the dominating reaction network and 
helped to pinpoint the synergistic nature of combustion species.   
 The investigations conducted in the course of this PhD dissertation can be 
considered as stepping stones towards the direction of implementing cleaner coal 
combustion technologies. Like any successful scientific investigation, current study leads 




 Evaluation of the existing combustion mechanisms in realistic situations was a 
primary focus of this research. Comparison between the experimental data and simulation 
exhibited significant discrepancies regarding the temporal profile of SO3 and the 
conversion of NO to N2. The model was unable to capture the trend of SO3 profiles and 
the predictions regarding the conversion of NO to N2 was lower. Moreover, the slight 
decrease in SO3 observed experimentally in presence of NO was in contrast with the 
model prediction. These comparisons indicate that even though these models are great 
efforts by researchers and these can be utilized to get an initial idea about the emissions 
from a combustion system, there is still room for more improvements. While developing 
these combustion mechanisms by conducting experiments, the influence of the radical 
pool created by a combustion flame should be included. The quantity of O, OH and H 
radicals present in the system can make significant difference in determining the fate of 
combustion pollutants. So, rate parameter studies should be conducted and experiments 
should be designed by taking this crucial factor into account. In a realistic combustion 
environment, all the species such as; hydrocarbon radicals, nitrogen species, CO2, water, 
sulfur species, O/H radicals are present in the same system. So, model development 
studies need to include and consider the influence of all these species while designing the 
experiments. Attention needs to be paid to the interaction between NOx and SOx species 
in oxy-combustion environment. The experimental study indicates that in presence of NO 
the generation of SO3 may decline slightly and no increase was observed as predicted by 
the available reaction sets. To resolve this issue, experimental studies should be designed 
looking into these interactions. The obtained dataset from these future studies can be 
utilized to propose new reaction steps or can be useful in revising the existing ones. 
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In addition, reactions playing the dominant role in determining the fate of SOx, 
NOx, Hg and Cl pollutants were identified in the course of this project through sensitivity 
analyses. These analyses provide a concise idea about which reaction sets need more 
exploration. The objective can be fulfilled with the help of computational chemistry. By 
employing ab-initio calculations, new rate parameters can be obtained. Moreover, 
analogous experiments can be conducted if possible. The rate parameters obtained by this 
approach can be integrated to the mechanisms and the performance can be evaluated.  
 In addition, all the numerical simulations in the current study were conducted by 
assuming perfect mixing of components. No heat losses were taken into account while 
conducting the kinetic study. These factors can be integrated in the next phase. The 
approach involving computational fluid dynamics (CFD) modeling can be employed to 
simulate the flame and the aspects of mixing and heat transfer prevailing with the 
experimental setup need to be integrated. This will provide a more realistic comparison 
between the simulation and the experiments. Moreover, efforts should be taken to reduce 
the combustion mechanisms before employing these for CFD calculations. 
Implementation of the CFD calculations coupled with the kinetic mechanism can provide 
a better insight regarding the realistic power plant conditions. 
 Alongside these, several factors can be explored regarding the Hg speciation in 
oxy-coal combustion. In the current study, a Hg detection system was integrated for 
quantification purposes. The kinetic study indicated that the Cl chemistry can get altered 
in oxy-combustion environment and the presence of Cl radicals can significantly impact 
the oxidation of SO2 to SO3. Further investigation needs to be conducted in this aspect.  
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By integrating the available FTIR system parallel to the PSA Hg analyzer. Such an 
approach will be valuable to reveal the impact of Cl radicals on SOx and NOx speciation.  
 Moreover, to evaluate the performance of existing emission control strategies to 
reduce Hg emissions,  elaborate tests can be conducted by subjecting the catalyst 
materials and activated carbon to the simulated combustion conditions. This approach 
will open up an entirely new branch of research. The performance of the existing 
materials can be easily tested in the current combustion setup under air-fired and oxy-
fired conditions. Moreover, the analysis regarding the impact of pollutants on the catalyst 







[1] E.P.A. US, Overview of Green House Gases, 2011. 
 
[2] Carbon Capture and Storage. https://www.iea.org/topics/ccs/ (accessed 04/25/2016 
2016). 
 
[3] S. Bachu, CO2 storage in geological media: role, means, status and deployment 
Progress in Energy and Combustion Science 34 (2008) 254-273. 
 
[4] P.H.M. Feron, C.A. Hendriks, CO2 capture process, principles and costs, Oil & Gas 
Science & technology 60 (2005) 451-459. 
 
[5] F. Gozalpour, S.R. Ren, B. Tohidi, CO2 : EOR and storage in oil reservoirs, Oil & 
Gas Science & technology 60 (2005) 537-546. 
 
[6] S. Solomon, M. Carpenter, T.A. Flach, Intermediate storage of carbon dioxide in 
geological formations: a technical perspective, International Journal of Greenhouse Gas 
Control 2 (2008) 502-510. 
 
[7] J. Gibbins, H. Chalmers, Carbon capture and storage, Energy Policy 36 (2008) 4317-
4322. 
 
[8] M.B. Toftegaard, J. Brix, P.A. Jensen, P. Glarborg, A.D. Jensen, Oxy-fuel 
combustion of solid fuels, Progress in Energy and Combustion Science 36 (2010) 581-
625. 
 
[9] T.F. Wall, Combustion processes for carbon capture, Proceedings of the Combustion 
Institute 31 (2007) 31-47. 
 
[10] J. Oexmann, A. Kather, Post combustion CO2-capture from coal-fired power plants - 
wet chemical absorption processes, VGB Powertech 89 (2009) 92-103. 
 
[11] M.T. Sander, C.L. Mariz, The Flour Daniel econamine FG process: past experience 
and present day focus, Energy conversions and management 33 (1992) 341-348. 
 
[12] M. Ewert, The significance of power stations with CO2 capturein planning future 




[13] D.K. McDonald, T.J. Flynn, D.J. Devault, R. Varagani, S. Levesque, W. Castor, 
30Mwt clean environment development oxy-coal combustion test program,  The 33rd 
international technical conference on coal utilization and fuel systems, Clearwater, 
Florida, 2008. 
 
[14] M. Pehnt, J. Henkel, Life cycle assessment of carbon dioxide capture and storage 
from lignite power plants, International Journal of Greenhouse Gas Control 3 (2009) 49-
66. 
 
[15] B.M. Abraham, J.G. Asbury, E.P. Lynch, A.P.S. Teotia, Coal-Oxygen Process 
Provides Co2 for Enhanced Recovery, Oil Gas J 80 (1982) 68-&. 
 
[16] B.J.P. Buhre, L.K. Elliott, C.D. Sheng, R.P. Gupta, T.F. Wall, Oxy-fuel combustion 
technology for coal-fired power generation, Progress in Energy and Combustion Science 
31 (2005) 283-307. 
 
[17] J. Davison, Performance and costs of power plants with capture and storage of CO2, 
Energy 32 (2007) 1163-1176. 
 
[18] R. Stanger, T. Wall, Sulfur impacts during pulverised coal combustion in oxy-fuel 
technology for carbon capture and storage, Progress in Energy and Combustion Science 
37 (2011) 69-88. 
 
[19] J. Brady, J. Holum, Fundamentals of General Chemistry: With Qualitative Analysis, 
J. Wiley1988. 
 
[20] D. Fleig, K. Andersson, F. Johnsson, Influence of Operating Conditions on SO3 
Formation during Air and Oxy-Fuel Combustion, Industrial and Engineering Chemistry 
Research 51 (2012) 9483-9491. 
 
[21] L. Hindiyarti, P. Glarborg, P. Marshall, Reactions of SO3 with the O/H radical pool 
under combustion conditions., Journal of physical chemistry 50 (2007) 8505-8514. 
 
[22] R.K. Srivastava, C.A. Miller, C. Erickson, R. Jambhekar, Emissions of Sulfur 
Trioxide from Coal-Fired Power Plant, Journal of Air and Waste Management 54 (2004) 
750-762. 
 
[23] R.C. Corey, B.J. Cross, W.T. Reid, External Corrosion of Furnace-Wall Tubes—II. 
Significance of Sulphate Deposits and Sulphur Trioxide in Corrosion Mechanism, ASME 
67 (1945) 289-302. 
 
[24] J.N. Harb, E.E. Smith, Fireside corrosion in PC-fired boilers., Progress in Energy 
and Combustion Science 16 (1990) 169-190. 
 
[25] W. Nelson, C. Cain, Corrosion of Superheaters and Reheaters of Pulverized-Coal-
Fired Boilers, ASME 82 (1960) 194-204. 
113 
 
[26] N. Otsuka, Effects of fuel impurities on the fireside corrosion of boiler tubes in 
advanced power generating systems—A thermodynamic calculation of deposit chemistry, 
Corrosion Science 44 (2002) 265-283. 
 
[27] P. Monckert, B. Dhungel, R. Kull, J. Maier, Impact of Combustion Conditions on 
Emission Formation (SO2, NOx) and fly ash,  3rd Workshop IEAGHG International 
Oxy-Combustion Network, Yokohama, Japan, 2008. 
 
[28] Y. Tan, E. Croiset, M.A. Douglas, K.V. Thambimuthu, Combustion characteristics 
of coal in a mixture of oxygen and recycled flue gas, Fuel 85 (2006) 507-512. 
 
[29] E. Croiset, K.V. Thambimuthu, NOx and SO2 emissions from O2/CO2 recycle coal 
combustion, Fuel 80 (2001) 2117-2121. 
 
[30] J. Maier, B. Dhungel. Impact of recycled gas species (SO2, NO) on emission 
behaviour and fly ash quality during oxy-coal combustion. In: editor^editors. Proceedings 
of the 33rd International Technical Conference on Coal Utilization & Fuel Systems; 
2008; Clearwater,FL,USA. p. 33-44.  
[31] J. Ahn, R. Okerlund, A. Fry, E.G. Eddings, Sulfur trioxide formation during oxy-
coal combustion, International Journal of Greenhouse Gas Control 5S (2011) S127-S137. 
 
[32] S. Chamberlain, T. Reeder, C.K. Stimpson, D.R. Tree, A comparison of sulfur and 
chlorine gas species in pulverized-coal, air- and oxy-combustion, Combustion and Flame 
160 (2013) 2529-2539. 
 
[33] D. Fleig, M.U. Alzueta, F. Normann, M. Abian, K. Andersson, F. Johnsson, 
Measurement and modeling of sulfur trioxide formation in a flow reactor under post-
flame conditions, Combustion and Flame 160 (2013) 1142-1151. 
 
[34] D. Fleig, K. Andersson, F. Johnsson, B. Leckner, Conversion of Sulfur during 
Pulverized Oxy-coal Combustion, Energy and Fuels 25 (2011) 647-655. 
 
[35] D. Fleig, K. Andersson, F. Normann, F. Johnsson, SO3 Formation under Oxyfuel 
Combustion Conditions, Industrial and Engineering Chemistry Research 50 (2011) 8505-
8514. 
 
[36] T. Kiga, S. Takano, N. Kimura, K. Omata, M. Okawa, T. Mori, M. Kato, 
Characteristics of pulverized-coal combustion in the system of oxygen/recycled flue gas 
combustion, Energy Convers. Manage. 38, Supplement (1997) S129-S134. 
 
[37] Y.B. Zeldovich, The oxidation of nitrogen in combustion and explosions, Acta 
Physicohimica 21 (1946) 577-628. 
 
[38] F. Normann, K. Andersson, F. Johnsson, B. Leckner, Reburning in Oxy-Fuel 
Combustion: A Parametric Study of the Combustion Chemistry, Industrial & Engineering 
Chemistry Research 49 (2010) 9088-9094. 
114 
 
[39] K. Okazaki, T. Ando, NOx reduction mechanism in coal combustion with recycled 
CO2, Energy 22 (1997) 207-215. 
 
[40] T. Mendiara, P. Glarborg, Reburn chemistry in oxy-fuel combustion of methane, 
Energy & Fuels 23 (2009) 3565-3572. 
 
[41] K. Andersson, F. Normann, F. Johnsson, B. Leckner, NO Emission during Oxy-Fuel 
Combustion of Lignite, Industrial & Engineering Chemistry Research 47 (2008) 1835-
1845. 
 
[42] M. de las Obras-Loscertales, T. Mendiara, A. Rufas, L.F. de Diego, F. García-
Labiano, P. Gayán, A. Abad, J. Adánez, NO and N2O emissions in oxy-fuel combustion 
of coal in a bubbling fluidized bed combustor, Fuel 150 (2015) 146-153. 
 
[43] N. Kimura, K. Omata, T. Kiga, S. Takano, S. Shikisima, The characteristics of 
pulverized coal combustion in O2/CO2 mixtures for CO2 recovery, Energy Convers. 
Manage. 36 (1995) 805-808. 
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SUPPLEMENTATRY MATERIALS TO CHAPTER 3 
Table A.1 Test cases for kinetic simulations for investigating sulfur chemistry 
Reaction 
Set 























































































































Final SO3 + H2SO4 
Concentration (ppmv) 































































Reaction A β Ea 
C+SO2=CO+SO 4.156E+13 0.0 0.0 
HOSO2+H = SO3+H2 1.0E+12 0.0 0.0 
S+CH4 = SH+CH3 6.0E+14 0.0 24001 
H2S+CH3 = CH4+SH 1.8E+11 0.0 2340 
SH+O = S+OH 6.3E+11 0.5 8009.3 
C+H2S = CH+SH 1.2E+14 0.0 8843.54 
O+COS = CO+SO 1.93E+13   0.0 4627.32 
O+CS = CO+S 1.626E+14   0.0 1510.56 
COS+M = CO+S+M 1.43E14 0.0 61006.15 
O+COS = CO2+S 5E+13    0.0 10989.90 
SH+O2 = SO+OH 1.0E+12 0.0 10000.39 
CH+SO = CO+SH 1.0E+13 0.0 0.0 
SO3+S = SO+SO2 5.120E+11 0.0 0.0 
 SH+NO = SN+OH 1.0E+13 0.0 17687.104 
S+NO = SN+O 1E+12 0.5 34776.6 
SH+NH = SN+H2 1.0E+14 0.0 0.0 
N+SO = NO+S   6.31E+11 0.5 2007.72 
N+SH = SN+H   6.31E+11 0.5 8009.39 
SN+NO = N2+SO 1.807E+10 0.0 0.0 
SN+O2 = SO+NO 3.0E+8 0.0 0.0 
SN+NO2=S+NO+NO 4.068E+15 -0.9805 0.0 
N+SN = N2+S 6.3E+11 0.5 0.0 
SO2+NO2 = NO+SO3 4.25E-19 8.9 755.7 
SO+NO2 = SO2+NO 8.432E+12 0.0 0.0 
SN+O = SO+N 6.31E+11 0.0 8009.39 
S+NH = SH+N   1.0E+13 0.0 0.0 
NH+SO = NO+SH 3.012E+13 0.0 0.0 




SUPPLEMENTATRY MATERIALS TO CHAPTER 4 
Table B.1 Test cases for combustion experiments 
φ O2 in 










































0.86 1324.66 33.77 
0.9 1319.43 34.03 
0.95 1351.38 32.43 











500 340.95 31.8 
800 501.92 37.25 
1000 664.42 33.56 
1200 781.59 34.86 
1500 1046.26 30.25 





30 1357.55 32.12 
32.5 1428.94 28.55 
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Table B.1 (continued) Test cases for combustion experiments (continued) 
φ O2 in 





















Figure B.1 Sensitivity coefficients for N2 formation from recycled NO at ϕ=0.86, O2 = 
32.5% and NO = 2000 ppmv in reactor 












































QUANTIFICATION OF SO3 BY SALT METHOD  
 Salt method technique was employed to quantify the generated SO3 amount in 
oxy-combustion flue gas. The technique was chosen due to its proven suitability and due 
to its ease of use in lab-scale reactors. In this technique, 1 gm. ultraclean sodium chloride 
salt was placed in a quartz reactor. The salt sample was purchased from Sigma Aldrich. 
The quartz reactor was 0.5 inch in diameter and it had a quartz fritz fitted within it to hold 
the sample. Quartz wool was also placed on both sides of the salt sample. The quartz 
reactor was integrated to the frame of the lab-scale combustion setup and a sample line 
was prepared to connect the sample port of the combustion reactor and the salt containing 
reactor. A needle valve was also integrated to the sample line to be able to control the 
sample flow through the salt tube. A tee was attached to the top of the salt tube and a 
thermocouple was inserted to be able to measure the bed temperature. The quartz reactor 
was wrapped in heat tape and it was heated to 2000C. Based on the temperature 
monitoring, the heating was maintained using a temperature controller.  
 Before starting the combustion experiment, the gas phase reactor was heated by 
turning on the furnace and the heat tapes. After reaching the desired set points, described 
in Chapter 2, CO2 gas was passed through the combustion setup at 6L/min value. The 
sampling valve was then opened and a flow meter was placed at the end of the salt tube to 
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measure the flow. The flow rate from the salt tube was logged and sampling time was 
calculated using the following equation. 
 Sampling time = (
30 L
flow through the salt tube/min
) 
After doing so, the sampling valve was closed and the combustion experiment was 
started. 1 hour after the start of the experiment, sample valve was opened and sampling 
through the salt tube was started. After the sample collection period, the heat tape of the 
salt tube was turned off and the sample was collected. The collected sample was 
dissolved in 50 ml of DI water. 10 ml of that solution was mixed with 40 ml of propanol-
2 and 1-2 drops of thorin was added as indicator. The solution was then titrated by using 
0.005M Ba(ClO4)2. A color change in the solution to a faded pink indicates the end point 
of the reaction. This value indicates the SO3 concentration present in the form of sulfate 
in the salt sample and it is representative of the generated SO3 amount in the reactor. 
After one sample was collected, another salt tube was placed and sample was collected 
from the same port. This was done to check the reproducibility of the data. Based on 
these concentrations, the average SO3 amount was calculated and standardized error was 
obtained.  
 In the subsequent tables, all the experimental data collected in the course of the 
project is tabulated. In Chapter 3, the plots for these data points are included and detailed 







Table C.1 Temporal profile of SO3 for φ =0.855, O2 = 32.5% in the oxidizer and SO2 = 
2500 ppmv in the oxidizer 
 
Table C.2 Temporal profile of SO3 for φ =0.98, O2 = 32.5% in the oxidizer and SO2 = 





























1 1016.41 8 12 10 2.83 2 
2 917.4 14 13 13.5 0.71 0.5 
3 799.13 10 14 12 2.83 2 
4 728.96 22 26 24 2.83 2 
5 668.55 26 24 25 1.41 1 
6 653 27 23 25 2.83 2 
7 636.74 30 28 29 1.41 1 
8 618.39 34 29 31.5 3.54 2.50 
9 605.11 43 33 38 7.07 5 
10 598.83 27 37 32 7.07 5 


























1 1016.41 11 12 11.50 0.71 0.50 
2 917.40 14 13 13.50 0.71 0.50 
3 799.13 6 4 5 1.41 1 
4 728.96 13 16 14.50 2.12 1.5 
5 668.55 15 13 14 1.41 1 
6 653.00 16 12 14 2.83 2 
7 636.74 27 29 28 1.41 1 
8 618.39 19 14 16.50 3.54 2.50 
9 605.11 33 27 30 4.24 3 
10 598.83 19 21 20 1.41 1 
11 596.01 25 19 22 4.24 3 
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Table C.3 Temporal profile of SO3 for φ =0.855, O2 = 32.5% in the oxidizer and SO2 = 
1000 ppmv in the oxidizer 
 
 
Table C.4 Temporal profile of SO3 for φ =0.855, O2 = 34% in the oxidizer and SO2 = 





























1 1016.41 8 10 9 1.41 1 
2 917.40 16 13 14.50 2.12 1.50 
3 799.13 15 12 13.50 2.12 1.50 
4 728.96 13 15 14 1.41 1 
5 668.55 9 12 10.50 2.12 1.50 
6 653.00 17 14 15.50 2.12 1.50 
7 636.74 14 20 17 4.24 3 
8 618.39 33 26 29.50 4.95 3.50 
9 605.11 21 27 24 4.24 3 
10 598.83 10 12 11 1.41 1 


























1 1016.41 25 19 22 4.24 3 
2 917.40 24 18 21 4.24 3 
3 799.13 27 41 34 9.90 7 
4 728.96 44 41 42.5 2.12 1.50 
5 668.55 42 47 44.50 3.54 2.50 
6 653.00 69 73 71 2.83 2 
7 636.74 47 32 39.50 10.61 7.50 
8 618.39 47 44 45.50 2.12 1.50 
9 605.11 62 49 55.50 9.19 6.50 
10 598.83 78 70 7 5.66 4 
11 596.01 62 69 65.50 4.95 3.50 
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 Table C.5 Reactor outlet concentrations of SO3 for varied SO2 concentrations at φ 
=0.855 and O2 = 34% in the oxidizer  
SO2 
concentrati






















1000 24 25 24.5 0.707 0.5 
1800 27 30 28.5 2.121 1.5 
2500 40 31 35.5 6.363 4.5 
3200 49 40 44.5 6.363 4.5 
 
Table C.6 Reactor outlet concentrations of SO3 for varied NO concentrations at φ =0.855, 
O2 = 34% in the oxidizer and SO2 = 2500 ppmv in the oxidizer. 
NO 
concentrati






















200 74 97 85.5 16.26 11.5 
500 148 102 125 32.53 23 
800 14 49 31.5 24.75 17.5 
1000 87 46 66.5 28.99 20.5 






DETECTION OF SOX SPECIES USING FTIR SPECTROSCOPY 
 In the current study, FTIR spectroscopy was employed to quantify the SOx 
species present in the combustion flue gas. The procedure involved development of 
calibration file and optimization, performance testing and utilization to quantify unknown 
samples. The procedure is described below in details. 
Development of SO2 Calibration File and Optimization 
 For creating the calibration file, all mixtures of SO2 and CO2 were passed through 
the combustion setup and spectra were collected by obtaining samples from the 11th port 
of the reactor. The experimental conditions maintained during the collection of varied 
SO2 samples are presented in Table D.1.  
Table D.1 Sample collection conditions for FTIR spectra 
 
Concentration matrices presented in Table D.2 and Table D.3 were utilized to simulate 
the FTIR spectra   for calibration purpose. 
Optical length of cell 1.2 m 
Temperature of the cell 200 0C 
Temperature of cell (internal) 1850C 
Resolution 8 cm-1 
Velocity 20 khz 
Scan number 160 
Aperture 1.5 mm 
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850 45 26.97 1058.82 1013.82 688.30 
900 45 26.97 1000.00 955.00 648.12 
950 45 26.97 947.37 902.37 612.16 
1000 45 26.97 900.00 855.00 579.80 
1050 45 26.97 857.14 812.14 550.52 
1100 45 26.97 818.18 773.18 523.90 
1150 45 26.97 782.61 737.61 499.59 
1200 45 26.97 750.00 705.00 477.32 
1250 45 26.97 720.00 675.00 456.82 
1300 45 26.97 692.31 647.31 437.90 
1350 45 26.97 666.67 621.67 420.38 
1400 45 26.97 642.86 597.86 404.12 
1450 45 26.97 620.69 575.69 388.97 
1500 45 26.97 600.00 555.00 374.84 
1550 45 26.97 580.65 535.65 361.61 
1600 80 50.78 1000.00 920.00 624.20 
1650 80 50.78 969.70 889.70 603.50 
1700 80 50.78 941.18 861.18 584.02 
1750 80 50.78 914.29 834.29 565.64 
1800 80 50.78 888.89 808.89 548.29 
1850 80 50.78 864.86 784.86 531.88 
1900 80 50.78 842.11 762.11 516.33 
1950 80 50.78 820.51 740.51 501.58 
2000 80 50.78 800.00 720.00 487.56 
2050 80 50.78 780.49 700.49 474.23 
2100 80 50.78 761.90 681.90 461.54 
2150 80 50.78 744.19 664.19 449.43 
2200 80 50.78 727.27 647.27 437.88 
2250 80 50.78 711.11 631.11 426.83 
2300 80 50.78 695.65 615.65 416.27 
2350 80 50.78 680.85 600.85 406.16 
2400 80 50.78 666.67 586.67 396.47 
3250 100 64.39 615.38 515.38 347.77 

















































800 120 78.00 3000.00 2085.0 2180.68 795.00 538.80 
850 120 78.00 2823.53 1962.3 2050.92 741.18 502.03 
900 120 78.00 2666.67 1853.3 1935.58 693.33 469.34 
950 130 84.80 2736.84 1902.1 1987.18 704.74 477.14 
1000 130 84.80 2600.00 1807.0 1886.56 663.00 448.62 
1050 140 91.60 2666.67 1853.3 1935.58 673.33 455.68 
1100 140 91.60 2545.45 1769.0 1846.45 636.36 430.42 
1150 150 98.41 2608.70 1813. 1892.96 645.65 436.77 
1200 150 98.41 2500.00 1737.5 1813.03 612.50 414.12 
1250 160 105.21 2560.00 1779.2 1857.15 620.80 419.79 
1300 160 105.21 2461.54 1710.7 1784.75 590.77 399.27 
1350 170 112.01 2518.52 1750.3 1826.65 598.15 404.31 
1400 170 112.01 2428.57 1687.8 1760.51 570.71 385.57 
1450 180 118.82 2482.76 1725.5 1800.35 577.24 390.03 
1500 180 118.82 2400.00 1668.0 1739.50 552.00 372.79 
1550 180 118.82 2322.58 1614.9 1682.58 528.39 356.65 
1600 180 118.82 2250.00 1563.7 1629.21 506.25 341.53 
1650 180 118.82 2181.82 1516.3 1579.07 485.45 327.32 
1700 180 118.82 2117.65 1471.7 1531.89 465.88 313.95 
1750 200 132.42 2285.71 1588.5 1655.47 497.14 335.31 
1800 200 132.42 2222.22 1544.5 1608.78 477.78 322.08 
1850 200 132.42 2162.16 1502.7 1564.62 459.46 309.56 
1900 200 132.42 2105.26 1463.1 1522.78 442.11 297.71 
1950 220 146.03 2256.41 1568.2 1633.92 468.21 315.54 
2000 220 146.03 2200.00 1529.0 1592.44 451.00 303.78 
2050 220 146.03 2146.34 1491.7 1552.99 434.63 292.60 
2100 220 146.03 2095.24 1456.1 1515.41 419.05 281.95 
2150 240 159.64 2232.56 1551.6 1616.38 440.93 296.90 
2200 240 159.64 2181.82 1516.3 1579.07 425.45 286.33 
2250 240 159.64 2133.33 1482.6 1543.42 410.67 276.23 
2300 240 159.64 2086.96 1450.4 1509.32 396.52 266.56 
2350 240 159.64 2042.55 1419.5 1476.67 382.98 257.31 
2400 240 159.64 2000.00 1390.0 1445.39 370.00 248.44 
2450 240 159.64 1959.18 1361.6 1415.37 357.55 239.94 
2500 200 132.42 1600.00 1112.0 1151.27 288.00 192.42 
2550 200 132.42 1568.63 1090.2 1128.20 278.43 185.88 
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2600 200 132.42 1538.46 1069.2 1106.02 269.23 179.60 
2650 200 132.42 1509.43 1049.0 1084.67 260.38 173.55 
2700 220 146.03 1629.63 1132.5 1173.05 277.04 184.93 
2750 220 146.03 1600.00 1112.0 1151.27 268.00 178.76 
2800 220 146.03 1571.43 1092.1 1130.26 259.29 172.80 
2850 220 146.03 1543.86 1072.9 1109.99 250.88 167.06 
2900 240 159.64 1655.17 1150.4 1191.84 264.83 176.59 
2950 240 159.64 1627.12 1130.8 1171.21 256.27 170.74 
3000 240 159.64 1600.00 1112.0 1151.27 248.00 165.09 
3050 240 159.64 1573.77 1093.7 1131.98 240.00 159.63 
3100 240 159.64 1548.39 1076.1 1113.32 232.26 154.34 
3150 240 159.64 1523.81 1059.0 1095.25 224.76 149.22 
3200 240 159.64 1500.00 1042.5 1077.74 217.50 144.26 
 
In Figure D.1-D.4, the sample spectra of SO2 (1000 ppmv and 2500 ppmv) in absence 
and presence of CO2 are presented. The collected data was analyzed using the GRAMS 
AI software.  
  
Figure D.1 Sample spectra of SO2 (1000 
ppmv and 2500 ppmv) in balance Ar 
Figure D.2 Selected region of SO2 (1000 
ppmv and 2500 ppmv) in balance Ar 






Figure D.3 Sample spectra of SO2 (1000 
ppmv and 2500 ppmv) in 70% CO2 and 
balance Ar 
Figure D.4 Selected region of SO2 (1000 
ppmv and 2500 ppmv) spectra in 70% CO2 
and balance Ar for calibration purposes 
 
The region between 2504 cm-1-2530 cm-1 was selected for SO2 quantification and the 
PLS-1 method from the GRAMS AI software was used to conduct the statistical analysis 
on the collected data set. The generated linear calibration curve for SO2 quantification is 
presented in Figure D.5. The R2 value for this calibration was 0.99992. 
 
Figure D. 5 Calibration curve generated for 





Performance Testing of the Calibration File 
 Four different sets of SO2 and CO2 samples were prepared to evaluate the 
performance of the calibration file and satisfactory agreement between the actual 
concentration and predicted concentration was observed. In Table D.4, the findings are 
presented. 
Table D.4 Performance testing of the SO2-CO2 calibration file 
SO2 concentration in the 
sample (ppmv) 
CO2 concentration 
in the sample (%) 
Predicted SO2 
concentration by the 
calibration file (ppmv) 
Deviation 
(%) 
900 70 887.32 1.4 
1100 70 1099.818 0.016 
1700 70 1714.93 0.87 
1900 70 1920.729 1.09 
  
Collection of Combustion Samples from the Reactor and Analysis 
 Before starting the combustion experiment, desired mixture of SO2 and CO2 was 
introduced in the reactor and the outlet concentration from the combustion setup was 
measured using the FTIR setup. The sample lines from the combustion setup to the FTIR 
cell were always heated above 1500C. The collected spectrum provided information about 
the performance of the calibration file. If there is significant deviation present between 
the predicted concentration and the known mixture concentration, new calibration files 
should be constructed. After recording the reactor outlet concentration, the combustion 
experiment was started. The experiments were run at least for an hour to ensure stable 
conditions. During this time period, the optical cell and the sample lines were kept on 
purge using Ar. After the stabilization period, the purge flow through the cell was 
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stopped and the sample valve was opened. The data logging was also started at the same 
time. Samples were then collected for a 15-minute time period. This time scale was 
chosen to avoid any corrosion of the cell and to elongate its lifetime. After the sample 
period was over, the sample valve was closed and the cell and the manifold were put back 
on the purging mode. In Figure D.6 and Figure D.7, spectra of a sample combustion flue 
gas are presented. 
  
Figure D.6 Sample spectrum of 
combustion flue gas in presence of 2416 
ppmv of SO2, CO2 and water 
Figure D.7 Selected region of combustion 
flue gas spectrum for SO2 quantification 
  
 For analysis, all the spectra were collected from OPUS and were converted to 
SPC format by using the GRAMS AI software. Later, the calibration file was 
implemented to quantify the concentrations of SO2 in the reactor flue gas using the 
GRAMS IQ Predict. During the data analysis stage, the initial spectra were discarded as 
the IR signal usually takes a while to stabilize. After the signal stabilization was 
achieved, the average value of the sample concentrations was taken as the outlet 
concentration of SO2 from the reactor. From the balance between the outlet and inlet 
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concentration, the evolved SO3 amount was calculated. After purging the cell for about 
25 minutes, a sample spectrum was usually collected. This was done to ensure no residue 
of water or sulfur was present in the cell. To ensure accuracy, the sample lines were also 
changed in between the sampling periods. After that, samples were taken from the next 
port. After the data collection was complete for a single experiment, the optical cell was 
left on purge with Ar for 2 hours. To check the reproducibility of the data set, the same 
experiment was simulated on a different day and data was collected. From the difference 
between the collected SO2 data during the combustion experiments and the known inlet 
concentrations, generated amounts of SO3 were calculated. The procedure was employed 
to quantify the generated amount of SO3 for varied inlet SO2 concentrations and varied φ. 
Figures D.8 and D.9 illustrate the observed trends in presence of varied SO2 and Figure 
D.10 represent the effect of φ. The collected data is tabulated in Table D.5 and in Table 
D.6.  
Table D.5 Outlet SO3 concentrations from the reactor for varied SO2 concentrations in the 


















































1000 957.63 42.37 959.24 40.76 41.565 1.1384 0.805 
1800 1727.46 72.54 1733.11 66.88 69.71 4.001 2.8295 
2500 2416.19 83.98 2415.51 84.49 84.23 0.3585 0.2535 





Figure D.8 (SO3+H2SO4) concentrations 
from the reactor outlet for varied inlet SO2 
concentrations in the reactor at φ = 0.98, O2 
= 32.5% and SO2 = 2500 ppmv in reactor 
Figure D.9 SO2 conversion 
(experimental) for varied inlet SO2 
concentrations in the reactor at φ = 0.98, 
O2 = 32.5% and SO2 = 2500 ppmv in 
reactor 
 
It can be observed from Figure D.8 that increasing the inlet concentrations of SO2 from 
1000 ppmv to 3200 ppmv caused the final SO3 + H2SO4 concentration to rise from 42 
ppmv to 109 ppmv. On the other hand, the conversion percentage decreased from 4.15% 
to 3.25% as observed from Figure D.9. Previously, this decreasing trend was observed 
while employing the salt method in Chapter 3 and the contribution of SO2 acting as its 










Table D.6 Outlet SO3 concentrations from the reactor for varied φ in the reactor at SO2 = 
2500 ppmv in the reactor 0.855 and O2 = 32.5% in the oxidizer 
 
 
Figure D.10 (SO3+H2SO4) outlet concentrations 
from the reactor for varied φ at O2 = 32.5% and 
SO2 = 2500 ppmv in reactor 
 
As it can be observed from Figure D.10, the increase in equivalence ratio caused the 
outlet (SO3+H2SO4) concentration to decrease from 94 ppmv to 45 ppmv. In the 
following table, the data collected to generate the temporal profile of SO3 is presented. 








































0.8 2405.14 94.857 2403 96.99 95.928 1.5142 1.0707 
0.85 2416.019 83.981 2415.51 84.48 84.23 0.3585 0.2535 
0.9 2434.9 65.1 2452.61 47.39 56.24 12.5228 8.855 
0.98 2456.46 43.54 2439.49 60.51 52.025 11.9996 8.485 
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Table D.7 Temporal profile of SO3 at φ = 0.855, SO2 = 2500 ppmv in the reactor 0.855 
and O2 = 32.5% in the oxidizer 
 
 
Figure D.11 Temporal profile of SO3 (collected using 
FTIR) for φ = 0.855, O2 = 32.5% in the oxidizer and 
















































1 1016.4 2479.6 20.36 2456.5 43.5 31.931 16.36 11.56 
2 917.4 2458.6 41.33 2454.2 45.7 43.54 3.12 2.20 
3 799.13 2473 27 2448.3 51.66 39.33 17.44 12.33 
4 728.96 2451.5 48.5 2433 67 57.75 13.08 9.25 
5 668.55 2430.7 68.25 2449 51 60.12 12.9 9.12 
6 653 2428.5 71.5 2425.3 74.66 73.083 2.23 1.58 
7 636.74 2430 70 2415.4 84.57 77.28 10.30 7.28 
8 618.39 2440.2 59.8 2431 69 64.4 6.50 4.6 
9 605.11 2426 74 2413 87 80.5 9.19 6.5 




NOX QUANTIFICATION IN COMBUSTION FLUE GAS 
 During the investigation into the fate of recycled NO in oxy-combustion system, 
FTIR technique was employed to quantify NOx emissions from the gas phase reactor. In 
an FTIR spectrum, the signature peaks of NO, NO2 and N2O are buried within the broad 
water peak. To be able to detect the quantities accurately, multivariate calibration for NO, 
NO2 and N2O was performed. For NO and N2O, calibration files were constructed 
considering the presence of CO2 and water. For NO2, the calibration was performed 
considering the presence of water. Usually in oxy-combustion outlet, 24%-30% water 
content is expected. Even using the lowest optical path length setting of the existing FTIR 
cell, the water peaks are usually saturated. This can cause error while resolving the 
spectrum. To avoid this, a stream dilution gas (Ar) was added to the sample gas stream 
before sending to the FTIR cell. As a result, the water concentrations in the flue gas 
samples were in the range of 6%-9%. Based on the dilution flow rate, multivariate 
calibration files were built for 150 ppmv-750 ppmv of NO, 20 ppmv-100 ppmv of N2O, 
20 ppmv-150 ppmv of NO2 and 2%-12% of water content.  
 A heat exchanger was built to provide required water content to the calibration 
mixtures. To build the heat exchanger, a stainless-steel tube was filled with 5 mm glass 
beads. The tube was 1 inch in diameter and 10 inches in length. A frame was also built 
using strut channels for supporting the heat exchanger. The tube was wrapped in high 
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temperature heat tapes and it was heated to at least 3500C. A high-pressure liquid pump 
was connected to the inlet of the tube. The objective of the pump was to route water from 
a beaker to the heat exchanger. Ar was used as the carrier gas through the tube. Flow rate 
of water used during the calibration stage ranged from 0.01 sccm to 0.12 sccm. This 
range of water flow rate was not exceeded as the heating and the residence time within 
the heat exchanger would not be enough to vaporize all the water. The liquid water input 
to the heat exchanger was calculated based on the water vapor rate and the following 
equation was used for calculation. 




All the sample lines were heated to at least 1600 to avoid condensation of water vapor and 
to prevent any loss. The concentration matrices used for NOx calibrations are presented in 
the following tables. 





















150 20 17.94 1333.33 1313.33 1236.28 
200 30 27.02 1500.00 1470.00 1389.01 
250 40 36.09 1600.00 1560.00 1476.75 
300 40 36.09 1333.33 1293.33 1216.79 
350 50 45.16 1428.57 1378.57 1299.88 
400 60 54.24 1500.00 1440.00 1359.76 
450 60 54.24 1333.33 1273.33 1197.29 
500 60 54.24 1200.00 1140.00 1067.31 
550 60 54.24 1090.91 1030.91 960.96 
600 60 54.24 1000.00 940.00 872.34 
650 80 72.38 1230.77 1150.77 1077.81 
700 80 72.38 1142.86 1062.86 992.11 
750 80 72.38 1066.67 986.67 917.83 
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800 80 72.38 1000.00 920.00 852.84 
850 90 81.46 1058.82 968.82 900.44 
900 90 81.46 1000.00 910.00 843.09 
950 90 81.46 947.37 857.37 791.79 
1000 95 85.99 950.00 855.00 789.48 
1050 95 85.99 904.76 809.76 745.38 
1100 100 90.53 909.09 809.09 744.72 
1150 100 90.53 869.57 769.57 706.19 
 









































150 25 22.31 1666.67 386.67 483.69 1255.0 1190.75 
200 30 26.90 1500.00 348.00 435.09 1122.0 1059.17 
250 40 36.09 1600.00 371.20 464.25 1188.8 1125.25 
300 40 36.09 1333.33 309.33 386.49 984.00 922.64 
350 50 45.27 1428.57 331.43 414.26 1047.1 985.11 
400 60 54.46 1500.00 348.00 435.09 1092.0 1029.49 
450 60 54.46 1333.33 309.33 386.49 964.00 902.86 
500 70 63.64 1400.00 324.80 405.93 1005.2 943.61 
550 80 72.83 1454.55 337.45 421.83 1037.0 975.17 
600 90 82.01 1500.00 348.00 435.09 1062.0 999.81 
650 90 82.01 1384.62 321.23 401.44 973.38 912.14 
700 90 82.01 1285.71 298.29 372.60 897.43 837.00 











































































150 25.00 22.31 1666 50.00 0.04 386.6 483.6 1205 1141 
200 33.00 29.66 1650 49.50 0.04 382.8 478.8 1184 1121 
250 31.09 27.91 1243 37.31 0.03 288.5 360.3 886.7 826.4 
300 36.42 32.80 1214 36.42 0.03 281.6 351.7 859.5 799.5 
350 43.53 39.33 1243 37.31 0.03 288.5 360.3 874.3 814.1 
400 49.63 44.93 1240 37.22 0.03 287.8 359.4 865.9 805.8 
450 55.97 50.75 1243 37.31 0.03 288.5 360.3 861.9 801.8 
500 62.19 56.47 1243 37.31 0.03 288.5 360.3 855.7 795.7 
550 68.41 62.18 1243 37.31 0.03 28855 360.3 849.4 789.5 
600 74.62 67.89 1243 37.31 0.03 288.5 360.3 843.2 783.4 
650 80.84 73.60 1243 37.31 0.03 288.5 360.3 837.0 777.2 
700 87.06 79.31 1243 37.31 0.03 288.5 360.3 830.8 771.1 
750 93.28 85.02 1243 37.31 0.03 288.5 360.3 824.6 764.9 
 




































































150 22.39 19.91 1492.4 74.62 0.06 346.2 432.9 1049. 987 
200 24.87 22.20 1243.7 62.19 0.05 288.5 360.3 868.1 808 
250 31.09 27.91 1243.7 62.19 0.05 288.5 360.3 861.9 801 
300 36.42 32.80 1214.0 60.70 0.05 281.6 35.70 835.2 775 
350 43.53 39.33 1243.7 62.19 0.05 288.5 360.3 849.4 789 
400 49.63 44.93 1240.6 62.03 0.05 287.8 359.4 841.1 781 
450 55.97 50.75 1243.7 62.19 0.05 288.5 360.6 837.0 777 
500 62.19 56.47 1243.7 62.19 0.05 288.5 360.3 830.8 771 
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550 68.41 62.18 1243.7 62.19 0.05 288.5 360.3 824.6 764 
600 74.62 67.89 1243.7 62.19 0.05 288.5 360.3 818.3 758 
650 80.84 73.60 1243.7 62.19 0.05 288.5 360.3 812.1 752 
700 87.06 79.31 1243.7 62.19 0.05 288.5 360.3 805.9 746 
750 93.28 85.02 1243.7 62.19 0.05 288.5 360.3 799.7 740 
 


































































150 24.85 22.17 1656.6 99.40 0.08 384.3 480.7 1148 1084 
200 24.87 22.20 1243.7 74.62 0.06 288.5 360.3 855.7 795 
250 31.09 27.91 1243.7 74.62 0.06 288.5 360.3 849.4 789 
300 36.42 32.80 1214.0 72.84 0.06 281.6 351.7 823.1 763 
350 43.53 39.33 1243.7 74.62 0.06 288.5 360.3 837.0 777 
400 49.63 44.93 1240.6 74.44 0.06 287.8 359.4 828.7 769 
450 55.97 50.75 1243.7 74.62 0.06 288.5 360.3 824.6 764 
500 62.19 56.47 1243.7 74.62 0.06 288.5 360.3 818.3 758 
550 68.41 62.18 1243.7 74.62 0.06 288.5 360.3 812.1 752 
600 74.62 67.89 1243.7 74.62 0.06 288.5 360.3 805.9 746 
650 80.84 73.60 1243.7 74.62 0.06 288.5 360.3 799.7 740 
700 87.06 79.31 1243.7 74.62 0.06 288.5 360.3 793.5 734 









































































150 22.39 19.91 1492.4 119.4 0.10 346.2 432.9 1004 942.8 
200 24.87 22.20 1243.7 99.50 0.08 288.5 360.3 830.8 771.1 
250 31.09 27.91 1243.7 99.50 0.08 288.5 360.3 824.6 764.9 
300 36.42 32.80 1214.0 97.12 0.08 281.6 351.7 798.8 739.4 
350 43.53 39.33 1243.7 99.50 0.08 288.5 360.3 812.1 752.6 
400 49.63 44.93 1240.6 99.25 0.08 287.8 359.4 803.9 744.5 
450 55.97 50.75 1243.7 99.50 0.08 288.5 360.6 799.7 740.3 
500 62.19 56.47 1243.7 99.50 0.08 288.5 360.3 793.5 734.1 
550 68.41 62.18 1243.7 99.50 0.08 288.5 360.3 787.2 728.0 
600 74.62 67.89 1243.7 99.50 0.08 288.5 360.3 781.0 721.8 
650 80.84 73.60 1243.7 99.50 0.08 288.5 360.3 774.8 715.7 
700 87.06 79.31 1243.7 99.50 0.08 288.5 360.3 768.6 709.5 
750 93.28 85.02 1243.7 99.50 0.08 288.5 360.3 762.4 703.4 
 




































































150 22.39 19.91 1492.4 149.2 0.12 346.2 432.9 974.6 913 
200 24.87 22.20 1243.7 124.3 0.10 288.5 360.3 805.9 746 
250 31.09 27.91 1243.7 124.3 0.10 288.5 360.3 799.7 740 
300 36.42 32.80 1214.0 121.4 0.10 281.6 351.7 774.5 715 
350 43.53 39.33 1243.7 124.3 0.10 288.5 360.3 787.2 728 
400 49.63 44.93 1240.6 124.0 0.10 287.8 359.4 779.1 719 
450 55.97 50.75 1243.7 124.3 0.10 288.5 360.3 774.8 715 
500 62.19 56.47 1243.7 124.3 0.10 288.5 360.3 768.6 709 
550 68.41 62.18 1243.7 124.3 0.10 288.5 360.3 762.4 703 





































































650 80.84 73.60 1243.7 124.3 0.10 288.5 360.3 749.9 691.1 
700 87.06 79.31 1243.7 124.3 0.10 288.5 360.3 743.7 684.9 
750 93.28 85.02 1243.7 124.3 0.10 288.5 360.3 737.5 678.8 
 








































5 2 1.908 4000 928 921.04 3070 2948.76 
10 1.5 1.41 1500 348 435.08 1150.5 1077.54 
20 2 1.90 1000 232 289.28 766 702.71 
50 7 6.14 1400 324.8 405.92 1068.2 997.31 
75 10 8.86 1333.3 309.33 386.48 1014 944.47 
100 12 10.68 1200 278.4 347.60 909.6 842.704 
 






































































5 1.45 1.37 2902 87.06 0.07 673.2 650.4 2140 2066 
10 2.90 2.80 2902 87.06 0.07 673.2 650.4 2138 2065 
20 5.80 5.67 2902 87.06 0.07 673.2 650.4 2135 2062 










































































75 11.19 11.01 1492.4 74.62 0.06 346.2 432.9 1060 998.2 
100 14.92 14.70 1492.4 74.62 0.06 346.2 432.9 1056 994.5 
 




































































5 1.24 1.16 2487.4 149.2 0.12 577.1 548.2 1759 1690. 
10 1.24 1.16 1243.7 74.62 0.06 288.5 360.3 879.3 819.0 
20 2.49 2.39 1243.7 74.62 0.06 288.5 360.3 878.0 817.8 
50 6.22 6.08 1243.7 74.62 0.06 288.5 360.3 874.3 814.1 
75 9.33 9.16 1243.7 74.62 0.06 288.5 360.3 871.2 811.0 
100 12.44 12.24 1243.7 74.62 0.06 288.5 360.3 868.1 808.0 















































































5 1.24 1.16 2487.4 199.0 0.16 577.1 548.2 1710. 1641 
10 1.24 1.16 1243.7 99.50 0.08 288.5 360.3 854.4 794.4 
20 2.49 2.39 1243.7 99.50 0.08 288.5 360.3 853.2 793.2 
50 6.22 6.08 1243.7 99.50 0.08 288.5 360.3 849.4 789.5 
75 9.33 9.16 1243.7 99.50 0.08 288.5 360.3 846.3 786.4 
100 12.44 12.24 1243.7 99.50 0.08 288.5 360.3 843.2 783.4 
150 18.66 16.72 1243.7 99.50 0.08 288.5 360.3 837.0 777.2 
 





































































5 1.24 1.16 2487.4 248.7 0.20 577.1 548.2 1660. 1591
. 
10 1.24 1.16 1243.7 124.3 0.10 288.5 360.3 829.5 769.
8 
20 2.49 2.39 1243.7 124.3 0.10 288.5 360.3 828.3 768.
6 
50 6.22 6.08 1243.7 124.3 0.10 288.5 360.3 824.6 764.
9 
75 9.33 9.16 1243.7 124.3 0.10 288.5 360.3 821.4 761.
8 




























5.00 30.00 26.90 4200.00 4170.00 4021.10 
10.00 30.00 26.90 2100.00 2070.00 1973.92 
20.00 50.00 45.27 1750.00 1700.00 1613.22 
50.00 80.00 72.83 1120.00 1040.00 969.82 
75.00 150.00 137.12 1400.00 1250.00 1174.54 
100.00 180.00 164.67 1260.00 1080.00 1008.82 
150.00 240.00 219.78 1120.00 880.00 813.85 
 








































5 26.65 23.98 3731.23 74.62 0.06 3629.9 3494.6 
10 44.42 40.15 3109.36 62.19 0.05 3064.9 2943.8 
20 88.84 80.94 3109.36 62.19 0.05 3020.5 2900.5 
50 222.10 203.33 3109.36 62.19 0.05 2887.2 2770.6 
75 266.52 244.13 2487.49 49.75 0.04 2220.9 2121.0 
100 266.52 244.13 1865.62 37.31 0.03 1599.1 1514.8 
150 266.52 244.13 1243.74 24.87 0.02 977.23 908.63 
 








































5 17.77 15.92 2487.49 74.62 0.06 2395.10 2290.8 
10 35.54 31.99 2487.49 74.62 0.06 2451.95 2346.2 
20 71.07 64.63 2487.49 74.62 0.06 2416.42 2311.6 
50 177.68 162.54 2487.49 74.62 0.06 2309.81 2207.7 
75 266.52 244.13 2487.49 74.62 0.06 2220.97 2121.0 
100 236.90 216.93 1658.33 49.75 0.04 1421.42 1341.6 
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5 13.33 11.89 1865.62 74.62 0.06 1777.67 1688.9 
10 26.65 23.98 1865.62 74.62 0.06 1838.96 1748.6 
20 53.30 48.31 1865.62 74.62 0.06 1812.31 1722.7 
50 133.26 121.74 1865.62 74.62 0.06 1732.36 1644.7 
75 199.89 182.94 1865.62 74.62 0.06 1665.73 1579.8 
100 266.52 244.13 1865.62 74.62 0.06 1599.10 1514.8 
150 266.52 244.13 1243.74 49.75 0.04 977.23 908.63 
 









































5.00 10.66 9.47 1492.49 74.62 0.06 1407.21 1327.8 
10.00 21.32 19.14 1492.49 74.62 0.06 1471.17 1390.1 
20.00 42.64 38.52 1492.49 74.62 0.06 1449.85 1369.3 
50.00 106.61 97.26 1492.49 74.62 0.06 1385.89 1307.0 
75.00 159.91 146.22 1492.49 74.62 0.06 1332.58 1255.0 
100.00 213.21 195.17 1492.49 74.62 0.06 1279.28 1203.0 
150.00 213.21 195.17 995.00 49.75 0.04 781.78 718.10 
 







































5 13.32 11.88 1864.80 111.89 0.09 1739.5 1627.24 
10 17.80 15.95 1246.00 74.76 0.06 1153.4 1062.38 
20 35.54 32.34 1243.74 74.62 0.06 1133.5 803.96 
50 88.84 81.75 1243.74 74.62 0.06 1080.2 766.16 
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75 133.26 122.92 1243.74 74.62 0.06 1035.8 734.65 
100 177.68 164.10 1243.74 74.62 0.06 991.44 703.15 
150 222.10 205.27 1036.45 62.19 0.05 752.17 533.45 
200 236.90 219.00 829.16 49.75 0.04 542.51 384.76 
 








































5 11.10 9.87 1554.68 124.37 0.10 1419.2 1318.49 
10 20.00 17.94 1400.00 112.00 0.09 1268.0 1172.78 
20 31.09 28.22 1088.28 87.06 0.07 970.12 688.03 
50 77.73 71.45 1088.28 87.06 0.07 923.48 654.95 
75 116.60 107.48 1088.28 87.06 0.07 884.61 627.38 
100 155.40 143.45 1087.80 87.02 0.07 845.38 599.56 
150 233.20 215.57 1088.28 87.06 0.07 768.01 544.69 
200 222.10 205.27 777.34 62.19 0.05 493.06 349.68 
 







































5 11.55 10.27 1616.87 161.69 0.13 1443.63 1342.03 
10 14.21 12.69 995.00 99.50 0.08 881.28 800.11 
20 28.43 25.75 995.00 99.50 0.08 867.07 614.94 










































75 106.61 98.22 995.00 99.50 0.08 788.89 559.50 
100 142.14 131.16 995.00 99.50 0.08 753.35 534.29 
150 213.21 197.04 995.00 99.50 0.08 682.28 483.89 
200 142.14 131.16 497.50 49.75 0.04 305.61 216.74 
 








































5 11.10 9.87 1554.68 186.56 0.15 1357.0 1258.56 
10 14.81 13.23 1036.45 124.37 0.10 897.27 815.52 
20 29.61 26.85 1036.45 124.37 0.10 882.47 625.86 
50 74.03 68.02 1036.45 124.37 0.10 838.05 594.36 
75 111.05 102.33 1036.45 124.37 0.10 801.03 568.11 
100 148.06 136.65 1036.45 124.37 0.10 764.01 541.85 
150 222.10 205.27 1036.45 124.37 0.10 689.98 489.35 
200 177.68 164.10 621.87 74.62 0.06 369.57 262.11 
 





















2 0.06 74.62 3731.23 3656.61 3520.62 
3 0.06 74.62 2487.49 2412.86 2308.16 
4 0.06 74.62 1865.62 1790.99 1701.93 
5 0.06 74.62 1492.49 1417.87 1338.19 
6 0.06 74.62 1243.74 1169.12 1095.70 
7 0.06 74.62 1066.07 991.44 922.49 
8 0.06 74.62 932.81 858.18 792.58 
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9. 0.06 74.62 829.16 754.54 691.54 
10 0.09 111.94 1119.37 1007.43 938.08 
12 0.1 124.37 1036.45 912.08 845.12 
 







































2.00 0.02 24.87 1243.74 288.55 360.36 930.32 700.86 
3.00 0.03 37.31 1243.74 288.55 360.36 917.88 691.65 
4.00 0.03 37.31 932.81 216.41 269.69 679.08 514.89 
5.00 0.03 37.31 746.25 173.13 215.29 535.80 408.84 
6.00 0.03 37.31 621.87 144.27 179.02 440.29 338.14 
8.00 0.03 37.31 466.40 108.21 133.69 320.89 249.76 
10.00 0.03 37.31 373.12 86.56 106.48 249.25 196.73 
12.00 0.03 37.31 310.94 72.14 88.35 201.49 161.38 
 
 In the following figures, samples of collected spectra for NO, NO2 and N2O in 
presence of water are presented. Collected spectra were processed using the GRAMS AI 
software and the calibration file was built using the GRAMS IQ software. For building 





   
Figure E.1 Sample spectra of 500 ppmv of 
NO in 24% CO2 in balance Ar 
Figure E.2 Sample spectra of 500 ppmv of 
NO in 5% water and 24% CO2 in balance 
Ar 
  
Figure E.3 Sample spectra of 75 ppmv of 
NO2 in balance Ar 
Figure E.4 Sample spectra of 75 ppmv of 





Table E.24 Selected wavelength regions for calibration of water and NOx 






From GRAMS AI software, the generated calibration curves for NOx detection was found 





Figure E.5 Sample spectra of 75 ppmv of 
N2O in 24% CO2 and in balance Ar 
Figure E.6 Sample spectra of 75 ppmv of 





Figure E.7 Calibration curve generated for 
250-1000 ppmv of NO in water, 24% CO2 
and balance Ar 
 
Figure E.8 Calibration curve generated for 
5-150 ppmv of NO2 in water, 24% CO2 
and balance Ar 
  
Figure E.9 Calibration curve generated for 
5-150 ppmv of N2O in water, 24% CO2 and 
balance Ar 
Figure E.10 Calibration curve generated 
for water in 24% CO2 and balance Ar 
 
Performance Testing of the Calibration Files 
 Different sets of NOx samples were prepared to evaluate the performance of the 
calibration files and satisfactory agreement between the actual concentrations and 
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predicted concentrations was observed. In the following tables, the findings are 
presented. 
Table E.25 Performance testing of the NO calibration file 
NO concentration in the 
sample (ppmv) 
Water concentration 
in the sample (%) 
Predicted NO 





170 8 170.25 0.14 
370 8 374 1.08 
570 8 569.6 -0.07 
630 8 630.47 0.074 
 
Table E.26 Performance testing of the NO2 calibration file 
NO concentration in the 
sample (ppmv) 
Water concentration 
in the sample (%) 
Predicted NO 





5 6 4.83 -3.4 
20 8 20.85 4.25 
50 10 49.83 -1.66 
 
Table E.27 Performance testing of the N2O calibration file 
N2O concentration in the 
sample (ppmv) 
Water concentration 
in the sample (%) 
Predicted NO 





20 8 19.66 -1.7 
50 8 50.49 0.98 
 
Collection of Combustion Samples from the Reactor and Analysis 
 To run the combustion experiments for NOx detection, the FTIR cell was heated 
to 2000C and the sample lines were heated to 1600C. The temperatures of the sample line 
and the IR cell were monitored carefully throughout the experimental run using 
LabVIEW. The manifold and the optical cell were always kept on purge using Ar. 
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 After the furnace temperature reached 11000C, the mixture of gases was 
introduced into the burner to simulate the flame. After running the setup for an hour, 
sample collection was started.  For sample collection, the needle valve was opened and 
the combustion sample flow rate was flown at a known flow rate. This was mixed with a 
dilution gas stream, measured by a mass flow controller. This flow of gas was passed 
through the FTIR cell and the sample spectra were collected for 15-minute period. The 
flow rate from the optical cell was measured at the end cell by using another mass flow 
controller. This was done to confirm that the flow through the cell was matching up with 
the combustion flue gas stream and the dilution stream. This mass flow controller at the 
end was wrapped in heat tapes and it was heated to 2000C to avoid any loss. The flow 
meter was connected to the exhaust so that the flue gas stream can be vented safely.  
 After collecting the spectra, the sample valves were closed. The optical cell was 
put on purge and the sample line was changed. This step provided accuracy to the 
measured quantity. After purging for 25 minutes, another sample from the same port was 
collected. The collected spectra were analyzed using the GRAMS IQ Predict software. 
Based on the two samples, average concentration of NO and associated error was 
calculated. A sample spectrum of the flue gas is presented in Figure E.11. The results for 
all the conditions along with the error analysis are presented in Table 28-31 and the plots 
are included in Chapter 4. One point to note, during experiment no NO2 or N2O was 
observed. The calibration files always predicted zero or negative values for these 
constituents. Calibration files for these species were built twice to check this factor and 




Figure E.11 Sample spectrum of 
combustion flue gas in presence of 1000 
ppmv of NO, CO2 and water 
 
 
Table E.28 Temporal profile of NO for φ =0.85, O2 = 32.5% in the oxidizer and NO = 



























1 1016.41 684.72 688.77 686.745 2.86 2.025 
2 917.4 693.01 689.82 691.415 2.25 1.595 
3 799.13 700.83 683.93 692.38 11.9 8.45 
4 728.96 690.33 664.27 677.3 18.42 13.03 
5 668.55 684.15 695.31 689.73 7.892 5.58 
6 653 660.47 664.64 662.555 2.94 2.085 
7 636.74 651.92 648.69 650.305 2.28 1.615 
8 618.39 705.39 686.13 695.76 13.618 9.63 
9 605.1 711.48 704.26 707.87 5.1 3.61 
10 598.83 717.26 712.16 714.71 3.60 2.55 







Table E.29 Outlet concentrations of NO at variable φ at O2 = 32.5% in the oxidizer and 
NO = 2000 ppmv in the reactor 
 
Table E.30 Outlet concentrations of NO at variable O2 percentage at φ = 0.85 and NO = 
2000 ppmv in the reactor 
 
Table E. 31 Outlet concentrations of NO at variable NO concentrations in the reactor at φ 
= 0.85 and O2 =32.5% in the oxidizer 
NO 
concentratio


























500 358.36 323.54 340.95 24.62 17.41 
800 510.58 493.26 501.92 12.24 8.66 
1000 667.48 661.34 664.41 4.341 3.07 
1200 779 784.17 781.585 3.655 2.585 
1500 1011.98 1080.54 1046.26 48.47 34.28 
2000 1327.04 1322.28 1324.66 3.36 2.38 
 



















0.8 1390 1357.45 1373.725 
25.64511 8.109697 
0.85 1327.03 1322.28 1324.655 
0.9 1321.17 1317.68 1319.425 
0.95 1356.66 1346.08 1351.37 
0.98 1383.15 1351.93 1367.54 
O2 
Concentra
























28 1324 1303.6 1313.8  
45.02 
 
15.92 30 1356.26 1358.83 1357.545 
32.5 1421.66 1436.21 1428.935 




OXIDATION OF SO2 TO SO3 USING CATALYST 
 In the course of this project, a catalyst was used in order to produce SO3 via 
oxidation of SO2. Iron oxide (Fe2O3) nanoparticles purchased from the Mach I 
incorporated was utilized to achieve the oxidation. This catalyst had a reported surface 
area of 229.23 m2/g. To do the test, a quartz reactor was used to avoid any corrosion or 
sticking of the sulfur product. 0.07 gm of nanoparticle was loaded into the reactor and it 
was heated to 4000C. Mixtures of SO2 in balance air were introduced into the reactor and 
the exhausts from the reactor were measured by using the FTIR. In the following table, 
the conditions for the FTIR system are tabulated. 
Table F.1 Sample collection conditions for FTIR spectra 
 
 To avoid corrosion of the FTIR cell, precaution was taken regarding the sampling 
time. The cell and manifold were always kept on purge using Ar and the sampling time 
never exceeded the 15-minute period. In Figure F.2, the signature peak of SO3 
Optical length of cell 8 m 
Temperature of the cell 200 0C 
Temperature of cell (internal) 1850C 
Resolution 0.89 cm-1 
Velocity 20 khz 
Scan number 160 
Aperture 2 mm 
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can be observed. Even though this confirmed the presence of SO3 in the system, lack of a 




Figure F.1 Sample spectra of 450 ppmv of 
SO2 in balance Air at 0.89 cm
-1 resolution 
Figure F.2 Sample spectra of SO2 and SO3 
in balance Air at 0.89 cm-1 resolution 
  
 To be able to quantify the amount of SO3, first a calibration file of SO2 mixture 
was generated by utilizing the 1300-1350 cm-1 range. After the tests were conducted, the 
concentration of SO2 was calculated based on the calibration curve. From the difference 
between the inlet and the outlet mixture from the reactor, the quantity of SO3 was 
calculated. In Table F.2, the results are presented. As it can be observed from the 
collected data, the catalyst was not very stable in converting SO2 to SO3 as the conversion 
percentage started decreasing after 5 hour of exposure. Moreover, the SO3 present in 
combustion flue gas usually exists as H2SO4 at the sampling temperature and the peak of 
H2SO4 is difficult to detect in presence of SO2 and water. To avoid such complication, 
this collected data set was not utilized and the approaches discussed in appendix C and D 
were adopted to measure the SOx content in combustion flue gas. 
SO3 convoluted peak 
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Table F.2 Results collected from the Fe2O3 test 
SO2 
concentration 










350 105.6 244.04 69.7 
400 176.57 223.4 55.8 
450 227.7 222.2 49.38 
500 302.24 197.75 39.55 
550 332.34 217.7 39.59 







SELECTION OF THE COOLING WATER FLOW RATE  
 While collecting the sample gas from the 1st and 2nd ports of the reactor, cooling 
jackets were fitted around the sample ports and cooling flow was employed. This was 
done in order to cool down the sample flue gas rapidly to 2000C from higher 
temperatures. The jacket is made out of quartz. This material was chosen so that the 
equipment can withstand the exposure to high temperature right below the furnace. The 
outer diameter of the cooling jacket is 5 cm and the inner diameter is such that it can be 
fitted around the ¼ inch sample ports of the reactor. The length of the jacket is 3.5 cm 
and it consists of 3 ports. These ports are used to flow the cooling water through the 
jacket and for thermocouple placement to monitor the water temperature. Each of these 
ports was designed to be 4 cm in length. A Thermoflex Recirculating Chiller was 
employed for providing the required water flow through the cooling jacket. While 
collecting samples from the 1st and 2nd ports, 1500 ml/min flow rate was employed. This 
flow rate was chosen based on the data collected during the trouble shooting phase. 
While employing this chiller, temperature data was collected within the sample port by 
placing thermocouples at the core of the sample ports. In Figure G.1, the collected 
temperature data is presented. As it can be observed, the temperature is around 4060C at 
the point of sample collection. After cooling water is employed at 1500 ml/min, the 
temperature goes down to 200-2040C at the end of the reactor 
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port. After this, temperature keeps on declining to 1600C and lower. To avoid this, 
heating is provided to keep the temperature around 1800C. For the ports after the 1st and 
2nd ones, temperature can go below 1000C if cooling is employed. So, instead of cooling, 
heat tapes are wrapped around these subsequent ports and heating is provided to keep the 
temperature above 1800C. 
 
Figure G.1 Temperature profile within the 1st sample port 







PERFECTLY STIRRED REACTOR VS. PREMIXED LAMINAR 
BURNER STABILIZED FLAME 
 The performance of the PSR was compared to the performance of premixed 
laminar burner stabilized flame. The performance was checked by simulating a case of 
φ= 0.855, O2 = 32.5%, Hg = 3 ppbv and Cl = 500 ppmv. The mole fraction of the mixture 
is presented below in Table H.1. 
Table H.1 Mole fraction of the combustion mixture into PSR 






 To simulate these cases in PSR and in premixed laminar burner stabilized flame, 
GRI 3.0 mechanism was employed. In the following table the concentration of the 
species from the PSR (at residence time 299s) and from the premixed laminar burner 
stabilized flame (at 2 different distances) are presented. These distances were chosen for 
the outlet of the premixed laminar burner stabilized module as at these points the 
combustion of CH4 was complete. The outputs from the PSR and premixed laminar 









from premixed laminar 
burner stabilized flame 
(0.07 cm) 
Outlet concentration 
from premixed laminar 
burner stabilized flame 
(0.09 cm) 
H2 1.02E-03 1.38E-03 1.21E-03 
H 1.51E-04 2.99E-04 2.39E-04 
O 4.80E-04 6.00E-04 5.15E-04 
O2 4.76E-02 5.00E-02 4.89E-02 
OH 4.60E-03 3.43E-03 3.25E-03 
H2O 0.23867 2.38E-01 2.39E-01 
HO2 2.48E-06 6.90E-06 5.73E-06 
H2O2 1.45E-07 3.58E-07 3.11E-07 
C 4.21E-15 7.74E-15 6.70E-16 
CH 4.47E-13 4.08E-13 4.31E-14 
CH2 2.57E-11 2.58E-11 3.06E-12 
CH2(S) 2.24E-12 1.94E-12 2.26E-13 
CH3 6.83E-10 7.39E-10 9.05E-11 
CH4 1.71E-09 2.46E-09 2.88E-10 
CO 1.43E-02 1.55E-02 1.37E-02 
CO2 0.65536 6.53E-01 6.55E-01 
HCO 4.87E-10 2.24E-09 1.53E-09 
CH2O 3.31E-10 6.02E-10 7.73E-11 
CH2OH 2.69E-12 3.43E-12 3.90E-13 
CH3O 3.05E-13 6.33E-13 7.13E-14 
CH3OH 6.99E-12 3.98E-11 4.76E-12 
C2H 2.25E-18 2.02E-14 2.40E-15 
C2H2 5.51E-16 1.24E-11 1.51E-12 
C2H3 6.37E-19 4.63E-14 3.55E-15 
C2H4 2.27E-17 1.62E-12 1.33E-13 
C2H5 5.51E-19 9.88E-17 5.87E-18 
C2H6 5.68E-19 5.48E-17 1.60E-18 
HCCO 7.83E-14 3.99E-12 4.74E-13 
CH2CO 3.02E-13 3.53E-11 4.21E-12 
HCCOH 1.67E-16 1.93E-12 3.12E-13 
AR 3.77E-02 3.79E-02 3.79E-02 
C3H7 8.43E-29 1.36E-26 7.13E-25 
C3H8 1.59E-28 2.61E-25 1.29E-23 
CH2CHO 5.55E-19 2.21E-17 2.67E-16 




 As it can be observed from Table F.2, there are slight differences in the radical 
pools obtained from PSR and premixed laminar burner stabilized flame module. But 
while the simulation in the PFR was complete, no difference in the oxidation of Hg was 
observed. In Table H.3, the data regarding the Hg oxidation by employing the GWB 
mechanism is presented. 
Table H.3 Hg oxidation percentage for variable simulation configuration 
Hg oxidation for PSR-
PFR configuration (%) 
Hg oxidation for premixed 
laminar burner stabilized 
flame at 0.07 cm-PFR 
configuration (%) 
Hg oxidation for premixed 
laminar burner stabilized 
flame at 0.09 cm-PFR 
configuration (%) 
11.06 11 11 
 
 Moreover, no change in the profiles of Cl to HCl was detected between the PSR-
PFR configuration and the premixed laminar burner stabilized flame-PFR configuration. 
The conversion of the Cl to HCl occurred at around 0.13s for all the configurations while 
a certain amount of Cl2 was formed, as presented in Table H.4. The Cl speciation profiles 
are presented in Figure H.1-Figure H.3 
Table H.4 Cl2 for variable simulation configuration 
Cl2 concentration for 
PSR-PFR configuration 
(ppmv) 
Cl2 concentration for 
premixed laminar burner 
stabilized flame at 0.07 
cm-PFR configuration 
(ppmv) 
Cl2 concentration for 
premixed laminar burner 
stabilized flame at 0.09 
cm-PFR configuration 
(ppmv) 





Figure H.1 Cl, HCl and Cl2 profile by employing PSR-PFR 
configuration at φ = 0.85, O2 = 32.5% in the oxidizer, Hg = 3 
ppbv in the reactor and Cl = 500 ppmv in the reactor  
 
 
Figure H.2 Cl, HCl and Cl2 profile by employing Premixed 
laminar burner stabilized flame (0.07 cm)-PFR 
configuration at φ = 0.85, O2 = 32.5% in the oxidizer, Hg = 





Figure H.3 Cl, HCl and Cl2 profile by employing Premixed 
laminar burner stabilized flame (0.09 cm)-PFR 
configuration at φ = 0.85, O2 = 32.5% in the oxidizer, Hg = 
3 ppbv in the reactor and Cl = 500 ppmv in the reactor  
  
 As it can be observed from the collected data that even though there are slight 
differences in the outlet radical concentrations for the PSR and premixed laminar burner 
stabilized flame modules, there was no impact on the final concentrations of Cl, HCl and 
Cl2 concentrations and the predicted oxidation of Hg was the same for all the 
configurations. So, this dataset justifies the application of PSR in the current study to 





COMPARISON BETWEEN THE NITROGEN MECHANISMS AND 
EXPERIMENTAL DATASET 
 In Chapter 4, the Alzueta mechanism was employed to understand the nitrogen 
chemistry in oxy-combustion environment. In order to provide a comparison of the 
Alzueta mechanism with the other existing mechanism, the following study was 
conducted. The C/H/O reaction set from the Alzueta mechanism was added to a recently 
developed nitrogen chemistry set [111]. This reaction set will be termed as the Alzueta 
C/H/O-RASAER mechanism in the rest of this chapter. Employing this modified set, the 
oxy-combustion cases with variable NO inlet concentrations were simulated. In the 
following table, the outcome from this modified reaction set is tabulated and these values 
are compared with the Alzueta mechanism and the experimental data.  
Table I.1 Comparison between the Alzueta CHO-RASAER mechanism, Alzueta 










































500 389 22.3 460.18 8 340.95 31.8 
800 608 24 719.9 10 501.92 37.2 
1000 751 24.9 887.1 11.3 664.41 33.5 
1500 1097 26.8 1286 14.2 1046.26 30.2 
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In Figure I.1, the comparison between the simulated and experimental dataset is 
presented. 
 
 Figure I.1 Comparison between the simulated and 
experimental outlet NO concentrations for variable NO at 
φ = 0.855 and O2 = 32.5% in the oxidizer 
  
 Significantly higher reduction of NO was observed while comparing the 
predictions of the Alzueta CHO-RASAER mechanism with the Alzueta reaction set. The 
Alzueta CHO-RASAER mechanism predicted about 22% - 26% reduction for variable 
NO inlets while for the Alzueta mechanism, the conversion ranged from 8% - 14%. In 
addition, the predictions from the Alzueta CHO-RASAER mechanism were closer to the 
experimental reductions (about 33% on average).  
 In Figure I.2, the profiles of the NOx species predicted by the Alzueta CHO-
RASAER mechanism are presented. As it can be observed, the Alzueta CHO-RASAER 
mechanism predicted the NO conversion to occur in the temperature range of 1200K - 
1300K and this was similar to the trend predicted by the Alzueta reaction set. After the 
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1200K - 1300 region was over, the concentration of reactor NO remained same for the 
rest of the reactor zone. 
 
Figure I.2 Simulated NO, NO2 and N2 and measured NO 
temporal profiles for φ = 0.86, O2 = 32.5% and NO = 1000 
ppmv in reactor 
 
From the rate of production analysis conducted on the Alzueta CHO-RASAER 
mechanism, following reactions were found to be contributing to the direct reduction of 
NO through conversion to NO2, HONO and HNO. 
 NO + HO2  NO2 + OH  R(1) 
 NO + O (+M) NO2   R(2) 
 H + NO(+M)  HNO(+M)  R(3) 
 NO + OH(+M)  HONO(+M) R(4) 
 NO + O(+CO2)  NO2(+CO2) R(5)  
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In addition to reactions R(1)-R(5), conversion to N2 occurred through following reaction 
routes. 
 NH2 + NO  NO + H2O  R(6) 
 NH + NO  N2 + OH  R(7) 
 NNH + O2  N2 + HO2  R(8) 
 N2O + H  N2 + OH   R(9) 
 NO + N  N2 + O   R(10) 
 NNH  N2 + H   R(11) 
 NNH + O2  N2 + H + O2  R(12) 
The reaction routes involving NH2, NH and N2O to form N2 were found to play role for 
both the Alzueta mechanism (explained in Chapter 4) and the Alzueta CHO-RASAER 
mechanism. But for the Alzueta CHO-RASAER reaction set, the NNH reaction pathway 
contributed significantly to N2 formation. Even though the Alzueta mechanism contains 
the same reaction set, the contribution from the NNH pathway was not significant. So, 
this shows that more analyses should be conducted on the available nitrogen chemistry 





EVALUATION OF HONO REACTION RATE CONSTANTS 
 The reactions involving the HONO radical are crucial to a combustion process. 
New rate parameters for the HONO reaction have been developed recently with the help 
of ab-initio calculations [112]. These modified rate parameters were employed in this 
study to evaluate the performance against the experimental dataset. In the following table, 
the rate parameters drawn from the literature are tabulated. 
Table J.1 Modified reaction rate parameters for HONO radical generation 
Reaction A β Ea (cal/mol) 
H2 + NO2  cis-HONO + H 1.21E2 3.29 28100 
H2 + NO2  trans-HONO + H 4.37E2 3.29 37100 
H2 + NO2  HNO2 + H 2.41E4 2.53 32100 
CH4 + NO2  CH3 + cis-HONO 1.6E0 3.95 27800 
CH4 + NO2  CH3 + trans-HONO 1.51E1 3.75 34700 
CH4 + NO2  CH3 + HNO2 6.87E2 3.16 32000 
C2H6 + NO2  C2H5 + cis-HONO 3.32E0 3.84 23900 
C2H6 + NO2  C2H5 + trans-HONO 8.49E1 3.45 32000 
C2H6 + NO2  C2H5 + HNO2 3.20E2 3.19 26500 
 
 The Alzueta mechanism does not contain any reaction step or information 
regarding the cis-HONO or trans-HONO. So, the following procedure was followed to 
test these reactions. The cis-HONO reaction steps were included into the Alzueta 
mechanism set and these were set up as the HONO radical instead of cis-HONO. So, new 
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reaction steps were not necessary. Similar approach was employed for the trans-HONO 
reactions and for the HNO2 reactions. Later, one input file was created by including all 
these reactions and setting these up as the duplicate reaction steps. These modified 
reactions sets were employed to simulate the case at φ = 0.855, O2 = 32.5% in the 
oxidizer and NO concentration = 2000 ppmv in the reactor. The results from these 
modified sets were compared with the predictions from the Alzueta mechanism and with 
the experimental dataset. The comparison is presented in the following table. 
Table J.2 Comparison between the simulated cases with modified HONO reaction rate 
parameters, the Alzueta mechanism and the experimental dataset for φ = 0.855, O2 = 
32.5% in the oxidizer and NO = 2000 ppmv in the reactor 
Status Reactor outlet NO 
concentration (ppmv) 
Reduction (%) 
Alzueta + cis-HONO set 1628 18.6 
Alzueta + trans-HONO set 1651 17.45 
Alzueta + HNO2 set 1643 17.85 
Alzueta + cis-trans-HNO2 set 1610 19.5 
Alzueta mechanism 1657 17.15 
Experimental dataset 1324 33.8 
 
 It can be observed from Table H.2 that the reduction of NO to N2 is maximum for 
the Alzueta + cis-trans-HNO2 set followed by the Alzueta + cis-HONO set. Rate of 
production analysis indicates that the reaction paths associated with cis-HONO radicals 
[R(1) and R(2)] are the dominant factors in HONO formation.  
 CH4 + NO2  CH3 + HONO   R(1) 
 H2 + NO2  H2 + HONO   R(2) 
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Trend wise, no significant difference can be observed in the HONO profiles for the 
varied reaction sets. In Figure J.1, the HONO profile for Alzueta + cis-trans-HNO2 set is 
presented.  
 
Figure J.1 HONO radical profile at φ = 0.855, O2 = 
32.5% in the oxidizer and reactor NO concentration = 
2000 ppmv 
 
The rate of production analysis also indicates that alongside reactions R(1) and R(2), 
reaction R(3) contributed significantly towards HONO formation. Most of the formation 
occurred in the 1100K - 1300K region, as observed from Figure J.1. 
 CH2O + NO2  HCO + HONO  R(3) 
All the generated HONO later converted rapidly. Most of the HONO converted to NO2 
and NO in the combustion system through reactions R(-1) and R(4)-R(7) while only a 
small fraction fed into the NH radical pool leading to NO to N2 conversion. 
 HONO + OH  NO2 + H2O   R(4) 
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 HONO + H  HNO + OH   R(5) 
 HONO + O  NO2 + OH   R(6) 





A-FACTOR STUDY ON A SELECTED REACTION SET 
 As mentioned in Chapter 4, kinetic simulations predicted enhancement in SO3 
formation in presence of NO in the combustion system. The Alzueta mechanism 
predicted higher SO3 formation due to the indirect influence of NO through the radical 
pool and reaction R(1) contributed to this increase. 
 NO + HO2  NO2 + OH  R(1) 
OH radicals are important to continue the secondary reaction route for SO3 formation. As 
the NO concentration was gradually increased in the simulated cases, a very slow decline 
in SO3 concentration was observed. Reactions R(2) and R(3) were hypothesized to be 
contributing to the observed decrease.  
 NO + O(+M)  NO2(+M)  R(2) 
 NO + OH  HONO    R(3) 
 Experiments were later conducted and the simulated results were compared with 
the experimental data. The comparison is presented in Figure 4.6. The experimental trend 
was observed to be in contrary to the simulated results and SO3 concentration decreased 
by about 19% in presence of NO. Based on these findings, a simple A-factor study was 
conducted on a selected set of reactions. The objective of adopting this approach was to 
identify the reactions playing roles in determining the generation of SO3 in presence of
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NO. In this method, first a reaction or two were chosen and the A factors were changed. 
Employing these modified reactions, simulation was conducted. If no change was 
observed in the final products’ concentrations, another reaction set was chosen and the 
step was repeated. If significant change was observed, the activation energy of that 
certain reaction was altered. If any change was observed from this modification, the 
parameter was noted. 
 In the current study to investigate if the decrease in SO3 in presence of NO can be 
replicated to some extent, the approach was employed to the following reactions. 
Table K.1 Reaction parameter study on reaction NO + O(+M)  NO2(+M) 
Status A  β E 
(cal/mol) 
Final SO3 concentration in presence 
of 200 ppmv of NO (ppmv) 




1.35E17 -0.8 0.0 55.6 
1.35E20 -0.8 0.0 55.6 
1.35E50 -0.8 0.0 55.6 
1.35E20 -0.8 100 55.6 
1.35E20 -0.8 -100 55.6 
 
Table K.2 Reaction parameter study on reaction NO + OH(+M)  HONO(+M) 
Status A β E 
(cal/mol) 
Final SO3 concentration in presence 
of 200 ppmv of NO (ppmv) 
Original 2.0E12 -0.05 -721 55.6 
 
Modified 
2.0E15 -0.05 0.0 55.6 
2.0E20 -0.05 0.0 55.6 
2.0E50 -0.05 0.0 55.6 
 
Table K.3 Reaction parameter study on reaction NO2 + O  NO + O2 
Status A β E 
(cal/mol) 
Final SO3 concentration in presence 
of 200 ppmv of NO (ppmv) 
Original 3.90E12 0.0 -238 55.6 
Modified 3.90E20 0.0 -238 50.8 
3.90E15 0.0 -238 51 
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Table K.3 (continued) Reaction parameter study on reaction NO2 + O  NO + O2 
Status A β E 
(cal/mol) 
Final SO3 concentration in presence 
of 200 ppmv of NO (ppmv) 
 
Modified 
3.90E15 0.0 -240 51 
3.90E15 0.0 -400 51 
3.90E15 0.0 0 51 
 
Table K.4 Reaction parameter study on reaction NO2 + O(+M)  NO3(+M) 
Status A β E 
(cal/mol) 
Final SO3 concentration in presence 
of 200 ppmv of NO (ppmv) 
Original 1.30E13 0.0 0.0 55.6 
Modified 1.30E15 0.0 0.0 55.6 
3.90E20 0.0 0.0 55.6 
 
Table K.5 Reaction parameter study on reaction N2O + O  NO + NO 
Status A β E 
(cal/mol) 
Final SO3 concentration in presence 
of 200 ppmv of NO (ppmv) 




9.20E20 0.0 27679 55.6 
9.20E15 0.0 27679 55.6 
9.20E17 0.0 27679 55.6 
9.20E13 0.0 27000 55.6 
9.20E13 0.0 20000 55.6 
9.2E13 0.0 10000 55.6 
 
Table K.6 Reaction parameter study on reaction N2O + O  N2 + O2 
Status A β E 
(cal/mol) 
Final SO3 concentration in presence 
of 200 ppmv of NO (ppmv) 
Original 3.70E12 0.0 15936 55.6 
Modified 3.70E20 0.0 15936 55.6 
3.70E20 0.0 10000 55.6 
 
Table K.7 Reaction parameter study on reaction N2O + OH  N2 + HO2 
Status A β E 
(cal/mol) 
Final SO3 concentration in presence 
of 200 ppmv of NO (ppmv) 
Original 1.3E-2 4.72 36560 55.6 




Table K.8 Reaction parameter study on reaction NO + HO2  NO2 + OH 
Status A β E 
(cal/mol) 
Final SO3 concentration in presence 
of 200 ppmv of NO (ppmv) 
Original 2.10E12 0.0 -480 55.6 
Modified 2.10E8 0.0 -480 43.6 
Modified 2.10E6 0.0 -480 43.6 
Modified 2.10E8 0.0 0 43.6 
 
Based on the analysis above, following reaction rates were modified and these were 
integrated to the Alzueta reaction set. 
Table K.9 Modified reaction rate parameters based on the A-factor study 
Reaction A β E 
(cal/mol) 
NO2 + O  NO + O2 3.90E20 0.0 -238 
NO + HO2  NO2 + OH 2.10E8 0.0 -480 
 
Employing these modified sets, cases were simulated in presence of NO and the results 
are presented in the following table and the comparison with the experimental dataset is 
presented in Figure K.1. 



















200 55.7 43.6 
500 54.9 41.5 
800 54.1 41 
1000 53.3 40.7 
1200 53.5 40.5 






Figure K.1 Comparison between experimental and 
simulated concentrations by the Alzueta mechanism 
(original and simulated) of SO3+H2SO4 for various NO 
concentrations at φ = 0.86, O2 = 32.5% and   SO2 = 
2500 ppmv in reactor 
 
 As it can be observed from Figure K.1, the predicted SO3 concentration was 
always lower than the experimental value.  But with the modified dataset, about 8% 
reduction in final SO3 concentration in presence of NO can be observed compared to 19% 
observed experimentally and the trends are somewhat comparable. So, this again 
indicates that the mechanisms explored in this study need to be revised so that the final 
concentrations of the combustion species can be predicted accurately. In the future, 
quantum mechanical calculations can be conducted to calculate the reaction rate 









EVALUATION OF MODIFIED REACTION SETS  
 To understand the direct interaction between the NOx and SOx species, reaction 
sets were integrated to the Alzueta mechanism. Chapter 2 includes the details regarding 
these reaction mechanisms. Before implementing these modified sets, it is imperative to 
check the fidelity of these reaction sets against available datasets. To serve this purpose, 
the study reported by Gimenez-Lopez et al. [79] was chosen. This study employed the 
Alzueta mechanism to investigate the interaction between HCN and NO and analogous 
experimental dataset was reported. For the current study, cases were simulated for the 
temperatures; 1023K, 1123K, 1223K, 1323K and 1423K. The reaction set Alzueta + 
Wendt + Leeds(S/N/C) was chosen and the reported reactor setup [79] was simulated by 
using the PFR module of CHEMKIN-PRO. The composition of the mixture investigated 
is provided in Table L.1. The results of the simulated dataset by employing the Alzueta + 
Wendt + Leed(S/N/C) reaction set and the comparison between the reported values 
(simulated and experimental) [79] are presented in Figures L.1-L.3. 






























Figure L.1 Comparison between the 
reported (simulated and experimental) and 
simulated (Alzueta +Wendt + Leeds 
S/N/C) dataset for HCN outlet 
concentrations at stoichiometric ratio of 2 
Figure L.2 Comparison between the 
reported (simulated and experimental) and 
simulated (Alzueta +Wendt + Leeds 
S/N/C) dataset for NO outlet 












Figure L.3 Comparison between the 
reported (simulated and experimental) and 
simulated (Alzueta +Wendt + Leeds 
S/N/C) dataset for HCN outlet 
concentrations at stoichiometric ratio of 2 
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 From the comparison, it can be observed that there is no significant difference 
between the predictions obtained from the Alzueta reaction set and the predictions from 
the modified reaction set, the Alzueta + Wendt + Leeds (S/N/C). Moreover, the reported 
experimental datasets are closer to both the simulated sets and this is in line with the 
trend observed by Gimenez-Lopez et al. These comparisons presented in Figures L.1-L.3 
prove that the modified reaction sets are suitable to be employed in the current study to 
explore the interaction between NOx and SOx species and no error had occurred while 
compiling these multiple reaction sets. 
 In addition, the OH profile generated by the Alzueta mechanism was checked 
against the reported data [113]. For this simulation, the premixed laminar burner 
stabilized module was employed and the CH4/Air flame of φ = 1 was simulated. The 
comparison between the reported experimental data and the simulated dataset by the 
Alzueta mechanism is presented below.  
 
Figure L.4 Comparison between the reported and 
simulated dataset for OH concentrations at 




There are some discrepancies between the reported data and the simulated case. The 
reported dataset exhibits earlier onset of OH formation and the decrease in concentration 
occurs slowly compared to the simulated cases. But the overall trend was found to be 
comparable. This shows that more investigation is required to improve the model 





MERCURY SPECIATION IN GAS-PHASE OXY-COMBUSTION 
 Detailed experimental analysis is required in order to gain a better understanding 
of the Hg speciation in oxy-combustion systems and to evaluate the predictions of the 
applied mechanisms. Such a study will be valuable in terms of providing essential 
information regarding the extent of Hg oxidation under realistic time-temperature profile 
of a boiler. In addition, the study can guide the efforts for further improvement of the 
existing combustion mechanisms. The objective of this initial experimental study is to 
explore the extent of Hg oxidation in presence of variable levels of HCl. The future 
efforts of this research will include the investigation into the influence of pollutant 
species, such as; SO2, SO3 and NO on Hg oxidation and Cl chemistry on the extent of Hg 
oxidation in oxy-combustion environment.  
 For the purpose of this study, suitable Hg detection system was integrated to the 
combustion setup. Chapter 2 includes all the essential details regarding the basic and 
operating procedure of the instrument. As the Hg signal detected by the setup can vary 
during day to day operation, calibration of Hg was performed daily before running the 
tests.  For the purpose of calibration, a stable flame was first created by introducing 
mixture of the desired combustibles. After running the setup for an hour, Hg was 
introduced at a lower concentration. When the signal had stabilized (approximately 30 
min), three consecutive data points were taken for the total Hg and elemental Hg signal. 
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The introduced Hg amount was then gradually increased and similar approach was 
employed. In the current study calibration files generated built by introducing 100, 125,
 175 and 200 μg/m3 Hg in the combustion system. In the following table a sample of the 
calibration data points are presented and the subsequent figures include the calibration 
curves. 






Hg0 peak area HgT peak 
height 
HgT peak area 
100 145.93 890.88 134.17 883.26 
125 189.23 1144.53 173.006 1120.52 
175 260.7 1643.57 243.81 1525.32 
200 283.75 1823.38 263.43 1691.33 
 
 
Figure M.1 Calibration curve for Hg 





Figure M.2 Calibration curve for Hg 
speciation based on the obtained peak area 
 
 After the calibration files were generated, experiments were conducted for 
variable HCl concentrations. The preliminary experiments conducted in the course of this 
project involved low concentrations of HCl as higher levels of HCl can cause 
complications with the detector. In Table M.2, the experimental conditions are presented. 
Table M.2 Experimental Test Matrix for Hg Speciation 


























In Figure M.3, a sample of the experimental dataset is presented. As it can be observed 
from the figure that no significant oxidation occurred when 15 ppmv of HCl was 
introduced into the reactor. Similar trend was observed for 4, 6 and 10 ppmv of HCl. The 
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next step of this project will be to introduce higher levels of HCl into the system so that 




Figure M.3 Obtained Hg0 signal from the detector at φ = 0.98, O2 = 32.5% 
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